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ABSTRACT 
Soil solution chemistry and nutrient flux may differ among soils due to 
differences in parent material, biota, landscape position, climate, and degree of 
weathering.  Within soils, soil solution chemistry changes seasonally (e.g., leaf 
senescence) or following disturbances such as forest harvests that disturb the soil, alter 
soil temperature, deposit slash, and induce mineralization. Highly weathered soils with 
inherently low nutrient supply capacity in forested ecosystems may be more vulnerable to 
nutrient loss via leaching and decreased soil fertility following harvest than soils with 
greater nutrient supply capacity. Little information is available regarding soil solution 
chemistry and nutrient flux in highly weathered soils of the Missouri Ozark Highlands, 
and such background information is essential for evaluating changes in soil chemistry 
that may be induced by forest harvest. Therefore, the objectives of this work were to: (1) 
investigate the effects of simulated temperature changes associated with forest harvest on 
soil solution chemistry; (2) characterize soil solution chemistry in Ozark Highland soils 
with different nutrient status prior to timber harvest.  
In order to simulate temperature changes that occur following harvest, laboratory 
soil column experiments were conducted in constant temperature rooms to monitor the 
effect of incubation temperature on contrasting nutrient status soils. Three common soil 
groups present at the Missouri Ozark Forest Ecosystem Project (MOFEP) in southeastern 
Missouri were selected for study. Each soil group represents a different class of relative 
nutrient status as indicated by subsoil percent base saturation (BS): low, ≤ 20 % BS; 
medium, 20 – 50 % BS; and high, ≥ 50 % BS.  Field replicated sampling sites were 
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identified in non-harvested stands based on available soil characterization data. Soil 
samples were collected from the 0 – 10 cm depth, air-dried, passed through a 2-mm sieve, 
and packed into polyvinyl chloride pipes to create soil columns. Columns incubated at 
21, 23, and 26 °C were leached weekly with synthetic precipitation over the course of 
three months and leachates were analyzed for pH and electrical conductivity, and 
concentrations of cations (K
+
, Na
+
, NH4
+
, Ca
2+
, Mg
2+
, and total aluminum), anions (Cl
-
, 
NO3
-
, SO4
2-
, and PO4
3-
), dissolved organic carbon, and total nitrogen.  Soil solid phase 
characteristics and soil microbial enzyme activities were also determined post-incubation. 
Overall, the effect of incubation temperature was not significant for all bulk soil 
chemical properties and most leachate analytes. Temperature had the most pronounced 
effects for some N species and soil microbial activity. Leachate NH4
+
concentration in 
columns incubated at 23°C was significantly greater than in columns incubated at 26°C. 
Additionally, mean β-glucosidase activity was greatest in soils incubated at 21°C and was 
determined to be significantly greater than the activity in the soils incubating at 26°C. 
To characterize soil solution in the field, soil solution chemistry and nutrient flux 
was monitored at MOFEP in the low and medium nutrient status soils that had not been 
harvested in the past 40 years. A total of 18 locations were monitored (nine locations for 
each soil studied); twelve of the sampling locations were located in areas scheduled for 
future clearcut (CC) or single-tree selection (STS) harvests. All observations in this study 
were made prior to harvesting. Throughfall and soil solution samples collected with zero-
tension solution samplers at 15 and 40 cm depths were analyzed for the same suite of 
analytes measured in the column experiments. Cumulative ion flux through the system 
was captured using ion exchange resin samplers installed at 15 and 40 cm depths. 
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Field data from the pre-harvest sampling period demonstrated seasonal 
fluctuations in pH, base cation, DOC, and TN concentrations for both soils, though few 
significant differences in soil solution chemistry were observed between the low and 
medium nutrient status soils. Cumulative Ca
2+
 flux was significantly greater at the 40 cm 
depth of the medium nutrient status soils compared to that of the low nutrient status soils. 
Overall, soil solution chemistry in the low and medium nutrient status soils was very 
similar which suggests little influence of nutrient uptake and cycling by plants. 
The soil column study provides some insight into soil chemical and biological 
changes, or lack thereof, that may be associated with elevated soil temperatures following 
forest harvest.  Results from the field study enhances our understanding of soil solution 
chemistry and ion flux in Ozark Highland soils and will aid in a better understanding of 
timber harvest effects on nutrient cycling and loss. Ultimately, this information will assist 
in the development of forest management policies that ensure sustainable use of Missouri 
Ozark forests. 
 
 1 
 
CHAPTER 1: INTRODUCTION, OBJECTIVES AND 
LITERATURE REVIEW 
1.1 Introduction 
The state of Missouri contains approximately 5.6 million hectares of forested land 
and timber harvest operations throughout these forested areas make significant 
contributions to the state's economy (MDC, 2000). Most of the forest land is within the 
Ozark Highlands, a region predominately covered by highly weathered soils that are 
poorly suited for conventional agriculture (Brookshire et al., 1997). The large scale and 
widespread distribution of timber harvesting occurring in this region has led to joint 
research efforts by university researchers and state and federal scientists to examine the 
effectiveness of different forest harvest management systems. However, few studies have 
examined the effects of timber harvests on the chemistry of the underlying soils, a 
resource vital for the regeneration of subsequent forests. As land managers strive to 
integrate long-term interests of forest production and sustainability, the success of their 
efforts depends on a well-developed understanding of forest soils properties. The ability 
to model soil nutrient cycling and predict changes based upon forest harvest methods will 
greatly aid forest management decisions.  
The Missouri Ozark Forested Ecosystem Project (MOFEP) initiated by the 
Missouri Department of Conservation (MDC) has provided researchers with an 
opportunity to quantify the effects of forest harvests on soil chemical properties. The 
interaction between various harvest methods implemented at MOFEP sites and the 
inherent nutrient supplying capacity of the soils can be observed by monitoring soil 
properties before and immediately after harvest events.   
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Soils of the Ozark Highland region have weathered from a variety of parent 
materials (e.g., residuum, alluvium, loess, and hillslope sediments) and the nutrient status 
of the underlying subsoil horizons is highly variable (Hammer, 1997).Forest stands 
underlain by highly weathered soils with inherently low nutrient supply capacity may be 
at risk to increased rates of nutrient loss when treated with even-aged management 
(EAM) or uneven-aged management (UAM) methods. Each potential combination of soil 
nutrient status (low, medium, or high) and forest harvest [EAM, UAM, and no harvest 
management (NHM)] will be examined at MOFEP sites in order to better quantify 
changes in soil solution chemistry and nutrient flux in Ozark Highland soils before and 
after forest harvest. It is hypothesized that nutrient concentrations in soil solution and ion 
flux will increase as a function of harvest intensity and nutrient status.  Long-term 
measurements of soil solution chemistry and nutrient flux collected from field replicated 
sites can be used along with laboratory soil leaching data in order to further characterize 
soil chemical changes that may be associated with harvest treatments. Comprehensive 
chemical analyses of soil solution including measurements of pH, cations, anions, and 
soil nutrients such as carbon and nitrogen can help elucidate the immediate effects of 
changes in the soil environment. 
More specifically, the research within this thesis focuses on understanding 
differences in soil solution chemistry between low and medium nutrient status soils prior 
to harvest.  Laboratory research was also completed to simulate potential changes in soil 
chemistry following harvest. Results from this study will further enhance our 
understanding of soil solution chemistry in undisturbed forest soils of the Ozark 
Highlands and provide a dataset against which post-harvest soil solution can be 
 3 
 
compared.  Additionally, the simulation study data will be useful for identifying nutrients 
and soils that may be prone to loss or decreased fertility, respectively. Ultimately, results 
from this study will aid in the formation of future forest management policies which 
permit sustainable use of oak and oak-pine forests in the Missouri Ozarks for timber 
production. 
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1.2 Objectives and Hypothesis 
Research Objectives 
1.  To simulate the effect of temperature changes that occur following timber harvest 
on the chemical properties of soils with differing nutrient status. 
2.  To investigate differences in soil solution chemistry in soils with low and medium 
nutrient status (low and medium nutrient status are define as having < 20% and 20 
– 50% base saturation in the diagnostic subsoil horizon, respectively) prior to 
forest harvest.  
Research Hypotheses 
1.  Increased soil temperature will increase nutrient loss from soil columns by 
increasing soil microbial activity and decomposition of organic materials. 
2.  Concentrations of total nitrogen (TN), dissolved organic carbon (DOC), base 
cations, NO3
-
, SO4
2-
, and H
+
 in soil solution will be greater in medium nutrient 
status soils than low nutrient status soils and ion flux will mirror trends observed 
in soil solution chemistry. 
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1.3 Literature Review 
1.3.1 Missouri Ozark Forested Ecosystem Project (MOFEP) 
The Missouri Ozark Forest Ecosystem Project (MOFEP) comprises 3,800 ha of 
forested land in the Ozark Highlands. This long-term project was initiated in 1989 by the 
Missouri Department of Conservation (MDC) to evaluate forest management systems at 
the ecosystem level (Brookshire et al., 1997).The MOFEP study includes nine different 
sites, each ranging from 291 to 514 hectares. Each site was assigned to one of three 
blocks and each site within a block was assigned one of three forest management 
systems, even-aged management (EAM) with clearcutting (CC), uneven-aged 
management (UAM) with single tree and group selection (STS), and no-harvest 
management (NHM) (Brookshire et al., 1997). Harvest treatments followed MDC 
guidelines (MDC, 1986) and harvest occur approximately every fifteen years. Over the 
course of each harvest re-entry, 10 – 12% of a site is harvested with the designated 
treatment. Before the initial harvest entry in 1996, five years of pretreatment ecological 
data were collected including vegetation composition and structure, site characteristics, 
and wildlife communities (Brookshire et al., 1997; Shifley and Brookshire, 2000). Maps 
of soil resources at MOFEP were developed and soil samples were collected and 
characterized (Kabrick et al., 2000; Meinert et al., 1997). However, a thorough 
investigation of initial soil chemical properties was not performed at the onset of 
MOFEP. 
Soils of the Ozark Highland region have weathered from a variety of parent 
materials (e.g., residuum, alluvium, loess, and hillslope sediments) and the nutrient status 
of the underlying subsoil horizons is highly variable (Hammer, 1997). Evidence of the 
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high degree of weathering exhibited by soils in this region is found in the low cation 
exchange capacity (CEC), low base saturation, and relatively low concentrations of 
exchangeable calcium and magnesium that have been measured for a variety of soils in 
this region (Kabrick et al., 2011). Predominant bedrock formations (Figure 1.1) in the 
area include the Roubidoux sandstone, upper Gasconade dolomite, lower Gasconade 
dolomite, Gunter sandstone member, and Eminence dolomite (Meinert et al., 1997). The 
most common soil orders at MOFEP are Alfisols and Ultisols and most landscapes are 
capped with highly weathered residual materials and hillslope sediments (Meinert et al., 
1997). Some loess can be found in stable landform areas.  
Several forest soil studies primarily focusing on carbon pools, the influence of 
underlying bedrock materials on base cations, microbial activity, and sulfur and cation 
transformations have been conducted at MOFEP. Production rates of organic sulfur by 
soil microorganisms and seasonal differences in cation transformations in MOFEP soils 
were a determined in by Spratt (1998). Findings by Spratt (2002) have also correlated 
changes in surface soil nutrient concentrations from EAM harvest sites with changes in 
the microbial catabolic activity. Uneven-aged management methods were found to 
increase organic soil carbon in mineral horizons while EAM methods were found to have 
no significant effect (Li et al., 2007). Field observations documenting the extent of 
physical soil disturbance following harvest events have also been collected (Dwyer et al., 
2004).  
Albers (2010) found evidence of the residual effects of CC and STS methods on 
soil nutrient pools 10 years after harvest at MOFEP. Nutrient concentrations were 
typically greater in soil samples from stands previously treated with CC compared to 
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those treated with STS, although nutrient concentrations in the harvested stands were 
generally not significantly different from values from un-harvested stands. In general, the  
CC treatment appeared to induce an increase in soil nutrients while STS methods 
appeared to induce a decrease in soil nutrients 10 years after harvest. The authors 
hypothesized that differences between treatments was due to variation in the distribution 
and mineralization of slash materials. These observed differences in slash distribution and 
mineralization may result in future vegetative growth variations between EAM and UAM 
sites (Albers, 2010).  
Depth to bedrock and underlying bedrock formation have been identified as  
influential factors determining the inherent base cation supply in Ozark Highland soils. 
Kabrick et al. (2011) found shallow soils (< 1 m to bedrock) had significantly greater 
concentrations of Ca and Mg compared to deeper soils (> 1 m), thus demonstrating the 
importance of soil depth in nutrient variability. Underlying bedrock formation was a 
secondary variable explaining Ca and Mg concentrations in soils > 1 m deep, and greater 
concentrations were found in soils overlying dolomites of the Eminence and lower 
Gasconade formations. 
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Figure 1.1. Stratigraphy of bedrock geology and relative locations of soil nutrient status 
groupings at MOFEP experimental sites (Albers, 2010). 
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1.3.2 Forest Management Systems and Harvest Methods 
The state of Missouri ranks seventh out of the twenty northeastern states in total 
acreage of forested land, and timber harvest operations throughout these forested areas 
make significant contributions to the economic well-being of the state (MDC, 2000). 
Common silvicultural systems implemented in Missouri include even-aged (e.g., 
clearcutting, shelterwood, and seed-tree harvests) and uneven-aged management (e.g., 
single-tree and group selection harvests). Even-aged management methods are often used 
to regenerate shade intolerant or early-successional tree species. In a clearcut, all 
merchantable trees are removed while any tree greater than two inches diameter breast 
height (DBH) are felled or deadened. Riparian buffers are left intact as well as trees or 
snags containing wildlife dens (MDC, 2000). Clearcut areas are greater than two acres in 
size to minimize the shading effect of the surrounding forest edge. Slash materials from 
the harvest event are commonly distributed across the stand in a uniform manner for 
degradation. Clearcutting is typically the most cost effective forest management 
technique though it is often viewed as the least aesthetically pleasing.  
Uneven-aged management methods are often implemented in order to maintain a 
forest structure with many tree ages and size classes (MDC, 2009). In stands treated with 
UAM, a single tree or group of trees are harvested. As fewer trees are generally removed 
from UAM stands, the resulting shading of the forest floor is beneficial to the 
regeneration of shade tolerant tree species. Increased frequency of harvest re-entry into a 
stand must occur over a long time period compared to the few entries required by EAM. 
As a result, slash distribution and site disturbance are less uniform across the stand 
(Shifley and Kabrick, 2002). A common problem associated with single tree selection 
 10 
 
methods is the high-grading of forest stands (MDC, 2009). High-grading occurs when 
only the large diameter, merchantable trees are removed from the stand while inferior 
quality or undesirable tree species are left to make up the next stand. Increased stem 
damage may occur to trees remaining after harvest due to the expanded coverage of 
equipment trails required by the logistics of UAM. 
No-harvest management entails minimal manipulation of the forest stand by land 
managers. Natural disturbance events, such as fire, insect or disease, are managed 
according to other state-owned areas of forest with the exception that no salvage harvests 
will occur (Shifley and Kabrick, 2002).  
1.3.3 Effects of Forest Harvest on Forest Soils 
Due to variability in soil landscapes and the complexity of nutrient cycling rates 
in forested ecosystems, it can be difficult to discern a sustainable rate of tree biomass 
removal for a given ecosystem. Biomass removal associated with forest harvest can 
potentially alter the forest ecosystem through loss of nutrients via increased rates of 
nutrient leaching (Johnson and Todd, 1990; Belleau et at., 2006). These changes in 
nutrient cycling rates observed in post-harvest years are typically controlled by the 
percentage and distribution of timber slash remaining after harvest (Belleau et al., 2006). 
Clearcutting potentially removes more biomass than other timber regeneration methods. 
As a result, the ecosystem effects of these methods have been more readily examined in 
the scientific literature. The complete removal of the forest canopy as observed with these 
methods can result in many secondary effects throughout the ecosystem and watershed.  
Even-aged management methods have been shown to have detrimental effects on 
certain components of forested ecosystems, such as average stream temperatures or 
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turbidity (Sopper, 1975). Increases in stream temperatures, sediment loading, and outflow 
of nutrients from the forest floor have been observed following clearcutting (Patric, 1980; 
Qualls et al., 2000; Spoelstra et al., 2010). Clearcutting increases soil moisture compared 
to other uneven-aged methods in the larch/fir forests of the Northern Rockies (Newman 
and Schmidt, 1980). The influence of forest harvest on soil temperature and water levels 
were still observable three years after harvest in boreal forest stands (Whitson et al., 
2005).When minimal slash materials are left behind in EAM methods, the effects on the 
ecosystem are often amplified. Whole-tree removal harvest methods were found to 
increase concentrations of dissolved silicate and potassium in New Hampshire streams 
(Conley et al., 2008; Romanowicz et al., 1996). 
Harvest-induced changes in nutrient cycling rates that may affect the regeneration 
of the subsequent forest stand are often a primary concern for many researchers. 
Exchangeable base cation concentrations and soil pH were shown by Johnson et al. 
(1997) to decrease over a three year period following a clearcut in the upper soil horizons 
of a northern hardwood forest. Additionally, decreased soil pH observed in post-clearcut 
harvests was correlated to an increase in proton loading from nitrification processes 
(Johnson et al., 1991).Phosphorus concentrations measured in the forest floor (Oa 
horizon) of a northern hardwood forest were significantly greater in whole-tree-harvested 
sites than unharvested sites possibly due to reduced plant uptake of P following harvest 
(Yanai, 1991). Changes in carbon and nitrogen cycling are important when evaluating the 
effects of harvest on forest regeneration. Qualls et al. (2000) found increases DOC and 
dissolved organic nitrogen (DON) concentrations in soil solution following clearcut 
harvests, but hypothesized that these leachates were retained within the underlying 
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mineral soil. Spoelstra et al. (2010) observed elevated levels of nitrate export from a 
forest harvested with clearcutting operations. Such transformations to the forest nutrient 
cycle can present detrimental effects to downstream aquatic ecosystems and may deplete 
nutrients needed for forest regeneration. 
The effects of timber harvest on many small scale ecosystem processes and 
nutrient cycles have been intensely studied. Fahey et al. (1994) studied the nutrient 
releases from decayed woody root materials following timber harvests in a northern 
hardwood forest and found that most of the fine roots died in the first growing season 
after harvest. Roots located in the mineral soil decayed much more slowly and did not 
release nutrients as early as the roots in the forest floor. Quantities of the gas byproducts 
from soil microbial activity can also be an important ecological indicator of changes in 
nutrient cycling. Soil respiration significantly increased following the increased root 
growth and microflora activity associated with forest regeneration processes following 
harvest (Londo et al., 1996).The physical disturbances to the soil from harvesting 
equipment have been observed to have secondary effects on many small scale ecosystem 
attributes as well. Studies of timber harvest effects on boreal aspen forests have shown 
soil compaction associated with harvest equipment increases soil biological activity 3-7 
years after harvest, but no other significant influences of timber harvesting on soil 
microbial communities were observed(Mariani et al., 2006). It is often unclear whether 
the soil ecosystem following a man-made harvest event is characteristic of those found in 
forests with naturally occurring disturbance events. Smith et al. (2008) compared the 
phylogenetic composition of microbial communities in forest soils treated with timber 
harvest to those of natural fire disturbances in boreal forests. Both disturbance types were 
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found to have severe effects on bacterial community composition with fire showing 
greater negative impacts than harvesting relative to control sites. In general, soil 
microbial biomass carbon and N were found to decrease by 18 and 25 % respectively 
following harvest (Smith et al., 2008). These results all demonstrate the need to 
understand the effects of timber harvesting methods in order to properly evaluate harvest 
effects on nutrient cycling in the forest ecosystem. 
The impact of UAM methods on soil properties in northern hardwood forests is 
less understood. Recent studies in European forests have demonstrated UAM methods to 
be a profitable and beneficial alternative to EAM methods in providing timber resources 
for private landowners while retaining the ecosystem services provided by forests 
(Boncina, 2011; Pukkala et al., 2011). Albers(2010) found localized regions of nutrient 
depletion surrounding tree stumps 10 years after STS harvest methods at MOFEP sites in 
the Ozark Highlands. Concentrations of extractable carbon and nitrogen were found to be 
significantly lower in STS compared to CC sites, but no significance was determined 
between STS and the unharvested control sites (Albers, 2010). Monitored soil CO2 
respiration levels following UAM methods have also demonstrated the potential of these 
management systems in sustaining larger sinks of soil carbon in forested ecosystems 
(Yuanying and Thomas, 2006). 
1.3.4 Soil Solution Sampling 
Soil solution can be defined as the aqueous liquid phase of the soil and its solutes, 
consisting of ions dissociated from the surface of the soil particles and of other soluble 
materials (Brady and Weil, 2002). Many plant-essential nutrients are taken up from the 
soil solution (Sparks, 2003). Thus, studying soil solution chemistry has direct relevance 
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to plant-available nutrients. Thorough characterization of soil solution is often critical for 
environmental studies involving water-use management, pollutant fate and transport, and 
nutrient cycling of forested ecosystems(Fares, 2004). Well-developed ex situ methods for 
soil solution sampling such as centrifugal, column, or immiscible displacement 
techniques have been widely used by researchers (Fares, 2004; Wolt, 1994).   
However, in situ monitoring of soil solution chemistry can be a challenging 
process and care must be taken to select a solution sampler which will meet the specific 
requirements of the research project. Various types of soil solution samplers have 
different advantages and disadvantages in extracting different portions and qualities of 
soil solution (Barbee and Brown, 1986; Goyne et al., 2000; Marques et al., 1996; Parizek 
and Lane, 1970; Weihermuller et al., 2007). Findings from Goyne et al. (2000) showed 
that certain types of soil solution samplers can chemically alter the composition of the 
collected solution based upon the materials used in sampler fabrication and material pre-
treatment. In many studies, samplers which create negative pressure with suction devices 
are used to actively extract soil solution. These samplers, including porous cups, vacuum 
lysimeters and suction plates, extract solution from an unknown soil volume (Barbee and 
Brown, 1986; Fares, 2004; Weihermuller et al., 2007). Findings from Barbee et al. (1986) 
also demonstrated the poor performance of suction cup samplers in clay soils with strong 
structure. The ceramic components fitted to these samplers may also filter out desired 
constituents with larger particle diameters such as suspended solids and microbial 
biomass (Parizek and Lane, 1970). 
Tension-free or zero-tension samplers (ZTS) are the most conventional solution 
samplers used for observing nutrient inputs and outputs in forested ecosystems (Marques 
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et al., 1996; Weihermuller et al., 2007). They can be an effective tool to capture soil 
solution if important considerations are made in the fabrication and installation of these 
devices (Giesler et al., 1996; Jemison and Fox, 1992; Radulovich and Sollins, 1987). 
Zero-tension samplers are less likely to contaminate the collected solution, however; they 
can be expensive to install. Generally ZTS will only collect solution when saturated 
conditions occur (Jemison and Fox, 1992), although Russell et al. (1985) demonstrated 
that ZTS can capture channeled solution flow when the soil is unsaturated. The soil water 
collected by these samplers represents macropore flow which has not fully interacted 
with the reactive surfaces of soil solids (Essington, 2004). 
The efficacy and efficiency of varying types of ZTS have been well demonstrated 
in many soil chemistry studies. Zero tension samplers constructed from PVC troughs 
filled with acid-washed quartz sand were utilized to study the effects of forest liming 
practices on soil solution chemistry (Youngil et al., 2010). Yanai et al. (1991) utilized 
polyethylene boxes and funnels to create ZTS in order to investigate P transformations 
following clearcut timber harvests where tension samplers proved impractical for the 
sampling needs. Porous ceramic cup vacuum water samplers paired with ZTS were used 
to monitor the fluxes of DOC, DON and DOP concentrations following the clearcutting 
of a deciduous forest (Qualls et al., 2000). By utilizing more than one type of solution 
sampler in this manner, researchers are able to validate the findings of their studies with 
increased certitude. Buckingham et al. (2008) used replicated sampling of DOC from a 
broad range of soils in northern England to compare three different soil solution 
samplers: PVC tension-free samplers; porous polytetrafluorethene tension samplers; and 
porous polymer tension samplers. Results indicated that tension-free samplers are often 
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more reliable for providing a consistent quantity of sample for analysis. Solution DOC 
was greater in tension-free samplers compared to tension samplers most likely due to the 
artifacts associated with sampler installation and subsequent soil compaction created 
when using tension samplers (Buckingham et al., 2008). Although, it was also noted that 
during large volume precipitation events the tension-free samplers may have drained too 
slow to capture all soil solution. By observing the performances of these various samplers 
in contrasting ecosystems, researchers are able to select the most appropriate type of ZTS 
to utilize for their study. 
Nutrient flux through a soil profile can also be estimated with in situ samplers 
utilizing a material known as ion exchange resin (IER).The ability of this type of sampler 
to measure ionic movement has been demonstrated in a variety of soils (Lehmann et al., 
2001; Susfalk and Johnson, 2002; Szillery et al., 2006).  These samplers are typically 
constructed by placing a known quantity or area of IER between two layers of a semi-
permeable material which allows gravitational water to drain through the sampler. 
Susfalk et al. (2002) improved the general design of IER samplers by isolating the resin 
material from the soil surface with a non-reactive material such as silica sand. The type 
and pre-treatment of the resin material is also an important consideration in the 
effectiveness of this material in capturing ions (Lehmann et al., 2001).  Additionally, 
studies designed to examine N mineralization budgets may face challenges with resin 
samplers due to the competition in ion supply from soil microbes and plant roots in the 
field (Binkley, 1984). 
The relatively low fabrication cost of IER samplers and their smaller sampling 
area make them suitable for studies examining the effects of spatial heterogeneity in soil 
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landscapes (Weihermuller et al., 2007). For example, ion-exchange resin samplers have 
been used to correlate changes in soil solution chemistry with forest type and deposition 
of N and sulfur (Szillery et al., 2006).  Murphy et al. (2006) also used IER samplers to 
determine significant increases in ammonium and mineral N leaching in soil after fire 
disturbances.  Considering the limitations of each type of soil solution sampler, it is 
beneficial to use a combination of sampler designs to completely evaluate in situ soil 
solution chemistry. 
1.3.5 Summary of Literature Review and Relationship to Current Study at MOFEP 
The diversity of results from previous studies in addition to the diversity of forests 
and soils makes it difficult to evaluate how study results may or may not apply to the 
nutrient cycling observed at MOFEP sites. Studies suggesting the long-term negligible 
influence of timber harvests on nutrient cycling rates (Johnson et al., 1997) may not offer 
transferrable conclusions to study sites with contrasting soil or geologic properties. Soil 
weathering rates are not easily discerned, and the variability in nutrient supplying 
capacity of soils by region may account for discrepancies when comparing study results 
from different forested ecosystems. In addition, the highly weathered soils of the Ozark 
Highlands region are not likely to supply a sustained source of base cations with 
continued removal of vegetative biomass. 
Based upon performance comparisons of soil solution sampling equipment (Fares, 
2004; Weihermuller et al., 2007), zero tension samplers were chosen as the primary 
sampler to monitor soil solution chemistry on MOFEP sites. The ability of these samplers 
to collect a representative sample of free-moving water from the soil profile with minimal 
to no artifacts warrants their implementation (Jemison and Fox, 1992; Marques et al., 
 18 
 
1996). Ion exchange resin samplers were selected as a compliment sampler to the ZTS, as 
they have demonstrated their ability to provide reliable estimates of nutrient flux in forest 
soils when constructed with certain considerations (Lehmann et al., 2001; Susfalk and 
Johnson, 2002). The skeletal nature of Ozark Highland soils along with the remoteness of 
study sites prevented satisfactory use of porous, ceramic solution samplers (Barbee and 
Brown, 1986). 
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CHAPTER 2: TEMPERATURE INDUCED CHANGES IN SOIL 
SOLUTION CHEMISTRY FOLLOWING TIMBER HARVEST: 
A COLUMN SIMULATION STUDY 
2.1 Abstract 
Mixed hardwood systems at the Missouri Ozark Forest Ecosystem Project 
(MOFEP) study sites in southeastern Missouri were harvested using clearcutting (CC) 
and single-tree selection (STS) regeneration methods. Soil temperature data collected 
before and after a previous harvest event demonstrated increases in soil temperature 
under both regeneration methods with greater temperatures occurring in CC sites. The 
objective of this study was to investigate the effects of simulated temperature changes on 
soil solution chemistry.  Three common soil series present at MOFEP were selected for 
study, and each soil represents a class of relative nutrient status as indicated by subsoil 
percent base saturation (BS): Clarksville, ≤ 20 % BS; Alred, 20 – 50 % BS; and Arkana, 
≥ 50 % BS.  Field replicated sampling sites were identified in non-harvested stands based 
on available soil characterization data. Soil samples collected from the 0 to 10 cm depth 
were repacked into soil columns at a soil bulk density of 1.1g cm
-3
. Columns incubated in 
constant temperature rooms at 21, 23, and 26 °C were leached weekly with synthetic 
precipitation over the course of three months. Overall, the effect of incubation 
temperature was not significant for all bulk soil chemical properties and most leachate 
analytes. Temperature demonstrated the most pronounced effects for certain N species 
and soil microbial activity. Leachate NH4
+
concentration in columns incubated at 23°C 
was significantly greater than columns incubated at 26°C.Additionally, mean β-
glucosidase activity was greatest in soils incubating at 21°C and was determined to be 
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significantly greater than the activity in the soils incubating at 26°C. Study results will 
aid in the better understanding of timber harvest effects on releases of soil nutrients in 
Missouri Ozark forests. 
2.2 Introduction 
Different forest harvest methods are often implemented in forested ecosystems to 
meet particular management goals. Common silvicultural systems implemented in 
Missouri include even-aged management (e.g., clearcutting, shelterwood, and seed-tree 
systems) and uneven-aged management (e.g., single-tree and group selection 
systems).However, the effects of these different management systems may have 
detrimental effects on important ecological processes occurring in forested ecosystems 
(Belleau et al., 2006; Sopper, 1975; Spratt, 2002).Changes in soil respiration rates have 
been correlated to changes in soil temperature due to harvest events in cool temperature 
seasons (Londo et al., 1996). Selection methods were shown to significantly increase soil 
respiration rates by 14% at MOFEP (Concilio et al., 2005). Soil respiration data collected 
in MOFEP harvested areas also demonstrated greater flux in wet years and reduced flux 
in dry years compared to no-harvest control sites (Xu et al., 2011). The composition of 
soil solution in the upper soil horizons following harvest has also been observed to 
change. Johnson et al. (1997) observed decreased concentrations of exchangeable base 
cations over a three year period following clearcut harvest of a northern hardwood forest. 
Additionally, forest harvest methods in the Missouri Ozarks have been shown to affect 
decomposition rates of leaf litter due to the altered composition of leaf litter following 
harvest (Li et al., 2009). 
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Soils of the Ozark Highland region are generally highly-weathered with low 
cation exchange capacity (CEC), low base saturation, and relatively low concentrations 
of exchangeable Ca
2+
 and Mg
2+ 
(Kabrick et al., 2011). Changes in soil solution chemistry 
and nutrient flux following forest regeneration harvesting may adversely affect nutrient-
deficient soils more than nutrient-rich soils. Highly weathered soils with inherently low 
nutrient supply capacity may be more vulnerable to decreased soil fertility due to forest 
harvest than soils with high nutrient supply capacity. 
Laboratory soil column studies have been used to investigate a wide variety of 
forest soil properties including the effects of temperature and rainfall characteristics on 
the composition of dissolved organic materials (Xu and Saiers, 2010). Advantages of soil 
column experiments include the use of inexpensive and readily available materials (e.g., 
PVC pipe, nylon mesh, and silica sand) for constructing experimental columns (Jiao et 
al., 2004; Xu et al., 2010) and greater control over experimental conditions. Additionally, 
the frequency of sample collection can be increased using laboratory columns relative to 
the collection of soil solution samples in the field. Disadvantages of column experiments 
include disturbance of the soil, disruption of aggregates, and removal of plant root 
effects. Although repacking disturbs the soil, laboratory column studies are useful for 
characterizing bulk soil and soil solution properties (Grieve, 1999; Xu and Saiers, 2010; 
Yang et al., 2007). Disturbed soil column studies have demonstrated the effects of 
different tillage practices, crop cover, and fertilization applications on nutrient leaching in 
agriculture soils (Jiao et al., 2004). Changes in forest soil solution and solid phase 
chemistry have also be investigated using these methods (Titeux and Delvaux, 2009).  
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Few laboratory column studies have been conducted to investigate the soil 
temperature induced changes in soil solution chemistry as a result of forest harvest 
methods. Important ecological processes, such as plant biodiversity, can be highly 
correlated in small areas to spatial changes in surface soil temperature (Xu et al., 2000). 
Soil temperature data collected before and after a previous harvest event at MOFEP 
demonstrated increases in soil temperature under both regeneration methods with greater 
temperatures occurring in clearcut sites (Zheng et al., 2000). The goal of this study was to 
investigate the effect of soil temperature changes on soil solution chemistry and bulk soil 
chemical properties. 
2.3 Materials and Methods 
2.3.1   Site Selection and Soil Sampling 
The MOFEP experimental site includes 3,800 ha of forest located in the Ozark 
Highlands of southeastern Missouri. This long-term project was initiated in 1989 by the 
Missouri Department of Conservation (MDC) to compare forest management systems at 
the ecosystem level (Brookshire et al., 1997). The experiment consists of nine sites that 
have each been assigned to one of three blocks and each site within a block was assigned 
one of three forest management systems, even-aged management (EAM) with 
clearcutting (CC), uneven-aged management (UAM) with single tree and group selection 
(STS), and no-harvest management (NHM) (Brookshire et al., 1997). Three soil series 
present at MOFEP were selected based on underlying bedrock strata and relative nutrient 
status as indicated by the percentage of base saturation (BS) in the diagnostic subsoil 
horizon. Relative nutrient status groupings for the soil series in this study include low 
(≤20 % BS), medium (20 -50 % BS), and high (≥ 50 % BS) nutrient status. The 
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Clarksville soil series was chosen to represent the low nutrient status soil, the Alred soil 
series represented soils with medium nutrient status, and the Arkana soil series 
represented the high nutrient status soil. One replicate of the low nutrient status soils used 
in this study was sampled in the Bender soil series. Field replicated (triplicate) sampling 
sites were identified for each soil in non-harvested stands based on soil characterization 
data available from previous MOFEP studies (Albers, 2010).  
Albers (2010) reported an average exchangeable Ca
2+
 concentration ± 95% CI of 
5.4 ± 0.6 cmolc kg
-1
and exchangeable Mg
2+
 concentration of 1.7 ± 0.4cmolc kg
-1 
in the 
upper 10 cm of soil at the high nutrient status sampling locations selected for this study. 
Exchangeable Ca
2+ 
and Mg
2+ 
concentrations in the upper 10 cm of soil for the selected 
medium nutrient status sites were 3.0 ± 0.6 cmolc kg
-1
 and 1.2 ± 0.3cmolc kg
-1 
respectively. Selected sampling locations for the low nutrient status soils had 
exchangeable Ca
2+
 and Mg
2+ 
concentrations of 0.2 ± 0.07cmolc kg
-1
 and 0.1 ± 0.07cmolc 
kg
-1
, respectively in the upper 10 cm of soil. The total sum of bases for the high nutrient 
status soils ± 95% CI was 7.2 ± 0.6 cmolc kg
-1 
and the sum of the cation exchange 
capacity was 12.4 ± 1.0 cmolc kg
-1 
in the upper 10 cm of soil. The total sum of bases and 
the sum of cation exchange capacity in the upper 10 cm of soil for the selected medium 
nutrient status sites were 4.5 ± 0.9 cmolc kg
-1
 and 13.9 ± 2.6 cmolc kg
-1
, respectively. 
Selected sampling locations for the low nutrient status soils had a total sum of bases and 
sum of cation exchange capacity of 0.5 ± 0.07cmolc kg
-1
 and 7.2 ± 2.1 cmolc kg
-1
, 
respectively in the upper 10 cm of soil. 
In high nutrient status sampling locations, exchangeable Ca
2+
 concentrations were 
3.6 ± 3.0 cmolc kg
-1 
and exchangeable Mg
2+
 concentrations were 2.3 ± 2.2 cmolc kg
-1
 in 
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the 20 – 30 cm soil depth. Exchangeable Ca2+ and Mg2+ concentrations in the 20 – 30 cm 
depth for the selected medium nutrient status sites were 0.4 ± 0.4 cmolc kg
-1
 and 0.4 ± 0.3 
cmolc kg
-1 
respectively. Selected locations for the low nutrient status soils had 
exchangeable Ca
2+
 and Mg
2+ 
concentrations of 0.2 ± 0.07 cmolc kg
-1
 and 0.1 ± 0.1 cmolc 
kg
-1
, respectively, in the 20 – 30 cm depth. The total sum of bases for the high nutrient 
status soils was 6.1 ± 5.2 cmolc kg
-1 
and the sum of the cation exchange capacity was 11.7 
± 7.5 cmolc kg
-1 
in the  20 – 30 cm depth. The total sum of bases and the sum of cation 
exchange capacity in the 20 – 30 cm depth for the selected medium nutrient status sites 
were 1.0 ± 0.7 cmolc kg
-1
 and 7.8 ± 1.1 cmolc kg
-1
, respectively. Selected sampling 
locations for the low nutrient status soils had a total sum of bases and sum of cation 
exchange capacity of 0.4 ± 0.2 cmolc kg
-1
 and 4.0 ± 0.3 cmolc kg
-1
, respectively in the 20 
– 30 cm depth. Bulk soil from each soil group was collected from the 0 to 10 cm depth, 
air-dried, and passed through a 2-mm sieve. 
2.3.2   Experimental Design and Protocols 
Soil columns comprised a 7.5 cm (diameter) x 10 cm (length) clear PVC pipe 
section and a standard PVC end cap with a hole drilled in the bottom (Figure 2.1). The 
hole was covered with a section of 100 µm Nitex
TM
 mesh and a collection tube was 
attached using adhesive. Approximately 2.5 cm of acid-washed silica sand was placed in 
the bottom of each column followed by another section of 100 µm Nitex
TM
 mesh. Air-
dried bulk soil was then repacked into the constructed columns to obtain a soil bulk 
density of 1.1 g cm
-3
. A section of 210 µm Nitex
TM
 mesh was placed on top of the soil 
surface along with ~2.5 cm of acid-washed glass beads to evenly disperse additions of 
synthetic rainfall. To simulate soil temperature changes following forest harvest,   
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Figure 2.1. (a) Photo illustrating the soil columns incubating in a constant temperature 
room and (b) detailed diagram of soil column construction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
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representative soil temperatures were selected based upon soil temperature data from the 
upper 10 cm of the soil profile 2 years after harvest at MOFEP in the summer months 
(Zheng et al., 2000). Average values were selected by observations of the peak diurnal 
soil temperature at the 5 cm soil depth. A temperature of 21°C was selected to represent 
soil temperature in non-harvested stands, 23°C was selected to represent the soil 
temperature in stands harvested with single tree selection (STS), and 26°C was selected 
to represent the soil temperature in stands harvested with clearcutting (CC). 
Nine soil columns (3 soils × 3 replications) were incubated in a constant 
temperature room set at each respective temperature (27 soil columns total). Soil columns 
were incubated in the dark throughout the experiment to prevent photochemical reactions. 
Columns were initially moistened with synthetic rainfall and allowed to equilibrate in the 
incubation rooms for a two week period. Synthetic rainfall was prepared in the laboratory 
based upon average concentration data determined from field-collected throughfall 
samples (Table 2.1). Throughfall concentrations were averaged from eight sampling dates 
from April 28, 2010 through September 21, 2010. Synthetic rainfall was prepared prior to 
each leaching event and analyzed with the column leachate samples. Weekly leaching 
events (16 total) were conducted by placing collection bottles under the collection tube of 
each column andadding115 mL of synthetic rainfall to the top of each column (0.63 of 
one pore volume). Samples were retrieved 24 hours after addition of synthetic rainfall to 
allow sufficient time for infiltration. After the collection of leachate samples, column tops 
were sealed with a plastic lid and tubing at the bottom of each column was clamped shut 
to prevent moisture loss during incubation. 
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2.3.3   Sample Characterization 
 Soil column leachates were collected in acid-washed, high density polyethylene 
(HDPE) bottles after each leaching event. The volume of leachate was recorded in mL for 
each sample. Electrical conductivity (EC) and pH were determined immediately on 
stirred, unfiltered samples using a portable conductivity meter (Accumet
®
 AP75, Fisher 
Scientific, Singapore) and a portable pH meter (Accumet
®
 AP115, Fisher Scientific, 
Singapore). Each sample was then filtered through a 0.45 µm mixed cellulose ester 
membrane (Millipore Corp., Billerica, MA) using a vacuum filtration apparatus. Each 
sample was then divided amongst acid-washed subsample bottles for storage. 
Approximately, 60 mL of sample was kept unacidified, 60 mL were acidified with 85% 
H3PO4 to ~ pH 2, and 60 mL were acidified with HNO3 to ~ pH 2. All subsamples were 
stored at 4°C prior to analysis.  
Unacidified subsamples were analyzed for NH4
+
 using the Quikchem Lachat 
colorimetric method 10-107-06-1-K (15 March 2001 revision - Lachat Instruments; Hach 
Company, Loveland, CO) and for anions (PO4
3-
, SO4
2-
, NO3
-
, NO2
-
, Cl
-
, F
-
 and Br
-
) using 
a Dionex ICS-1000 ion chromatography system equipped with an IonPac
®
 AG14A 4 mm 
guard column (4 × 50 mm) and an IonPac
®
 AS14A analytical column (4 × 250 mm) 
(Dionex Corp., Sunnydale, CA). AS14A Dionex eluent (8.0 mM sodium carbonate; 1.0 
mM sodium bicarbonate in deionized water) was used for anion analyses at a flow rate of 
1 mL min
-1
. Ammonium and anions were measured within 24 hours of collection on most 
occasions. Non-purgeable organic carbon (NPOC) which will herein be referred to as 
dissolved organic carbon (DOC), and total nitrogen (TN) were determined on subsamples 
acidified with 85% H3PO4 to remove inorganic carbonates.  Samples were analyzed using   
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Table 2.1. Mean analyte concentrations (± standard deviation) of synthetic rainfall used 
in the column leaching experiment. 
F
-
 Cl
-
 NO3
-
 SO4
2-
 Ca
2+
 
 ----------------------------------- µmol L
-1
 ----------------------------------- 
2.9 ± 0.1 170.5 ± 0.4 17.05 ± 0.07 18.63 ± 0.08 44.4 ± 0.1 
K
+
 Mg
2+
 Na
+
 NH4
+
 PO4
3-
 
 ----------------------------------- µmol L
-1
 ----------------------------------- 
54.3 ± 0.2 27.9 ±  0.1 19.1 ± 0.3 19.1 ± 0.2 9.52 ± 0.08 
 
 
Table 2.2. Detection limits for instruments used for sample characterization. 
 
  
Instrument Analyte
Detection Limit 
(µmol L
-1
)
1/2 Detection 
Limit (µmol L
-1
)
aluminum (AlT) 0.950 0.475
calcium (Ca
2+
) 0.751 0.375
magnesium (Mg
2+
) 0.084 0.042
potassium (K
+
) 37.431 18.716
sodium (Na
+
) 2.433 1.216
fluoride (F
-
) 2.915 1.457
bromide (Br
-
) 0.354 0.177
chloride (Cl
-
) 0.421 0.210
nitrite (NO2
-
) 0.508 0.254
nitrate (NO3
-
) 0.386 0.193
sulfate (SO4
2-
) 0.328 0.164
phosphate (PO4
3-
) 0.785 0.392
non-purgeable organic carbon 
(NPOC) 13.436 6.718
total nitrogen (TN) 7.192 3.596
Lachat Quikchem ammonium (NH4
+
) 1.833 0.917
ICP-AES
Dionex ICS-1000
Shimadzu TOC-V
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a Shimadzu TOC-V
TM
 liquid carbon analyzer equipped with a TNM-1 module, ASI 
autosampler and sparging needle (Shimadzu Corp.; Kyoto, Japan). Analysis of NPOC 
and TN analysis was conducted within 72 hours of sample collection. 
Base cations (Ca
2+
, Mg
2+
, K
+
, and Na
+
) and total aluminum (AlT) were determined 
on subsamples acidified with HNO3 using an inductively coupled plasma (ICP) – atomic 
emission spectrophotometer (AES) (Varian Liberty RL, Australia). Cations were 
measured within one month of the collection date. Detection limits (Table 2.2) were 
determined for all laboratory instruments used for sample characterization using the 
following formula: 
Detection limit = [(Known concentration of standard) * 3 * (Standard 
deviation of 6 replicate standards)] / (mean of at least 6 replicate 
measurements of lowest detectable standard) 
For any measured analyte concentration value > 0 and less than the measured detection 
limit for the instrument used for analyses, a value equal to one half the detection limit 
was substituted in place of the original value. Data correction in this matter normalized 
all readings below the threshold of confidence for each instrument.  
Initial soil samples as well as post-leaching soil samples were sent to the Missouri 
Soil Characterization Laboratory (Columbia, MO) and analyzed using methods detailed 
in Burt ( 2004). Standard pipette analysis was used to determine particle size.  Soil CEC 
and exchangeable cations (Ca
2+
, Mg
2+
, K
+
 and Na
+
) were determined using 1 M 
ammonium acetate (CH3COONH4) and ammonium chloride (NH4Cl) extraction 
techniques. The BaCl2-triethanolamine released extractable acidity was determined and 
added to the summation of exchangeable bases to calculate cation exchange capacity. 
Extractable Al was determined by analyzing 1 M KCl extracts with an ICP-AES. Soil pH 
was measured in water (1:1 ratio of soil to water) and 0.01 M CaCl2 salt solution (1:2 
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ratio of soil to solution). Total organic carbon (TOC) and TN were determined using dry 
combustion methods. 
Water-extractable organic carbon and total nitrogen (WEOC and WETN) were 
determined on duplicate samples of air-dried and sieved soil (< 2 mm) utilizing a 1:2 
(w/v) ratio (20 g soil per 40 mL of deionized, ultrapure water) (Veum et al., In Press). 
Soil slurries were shaken on an end-to-end shaker for one hour and then centrifuged at 
3,600 rpm for 20 minutes. The supernatant was decanted into a syringe and passed 
through a pre-washed 0.45 µm Whatman polypropylene syringe filter to remove 
particulate and colloidal materials. Extracts were acidified using 85 % H3PO4 and 
analyzed for NPOC and TN as described previously. 
Active (labile) soil organic carbon was determined on duplicate samples of air-
dried and sieved soil (< 2 mm) using an adapted potassium permanganate oxidation 
analysis method (Weil et al., 2003). Soil samples (5 g) were weighed into a centrifuge 
tube followed by the addition of 6 mL of 0.2 M KMnO4 and 14 mL of deionized, 
ultrapure water (resulting in a reacting KMnO4 concentration of 0.06 M). The KMnO4 
concentration used in this study was increased slightly to adjust for the greater Active C 
concentrations in MOFEP soils. Samples were reacted on an end-to-end shaker for 15 
minutes and then centrifuged at 3,600 rpm for 5 minutes. For each sample, 0.25 ml of 
supernatant was combined with 24.75 ml of deionized, ultrapure water and absorbance of 
the sample at 550 nm was measured using a spectrophotometer (Spectronic Genesys 8, 
England).  
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Estimates of active C were calculated based upon the assumed proportional 
relationship between the amount of oxidizable C in soil and the loss of purple KMnO4 
color using the following equation (Weil et al., 2003):  
Active C (mg kg
-1
) = [0.06 mol L
-1
 - (a + b × absorbance)] × (9000 mg 
C/mol) × (0.06 L solution/0.005 kg soil) 
where 0.06 mol L
-1
 is the initial solution concentration, a is the intercept and b is the 
slope of the standard curve, 9000 is mg C (0.75mol) oxidized by 1 mol of MnO4 
changing from Mn
7+
 to Mn
4+
, 0.06 L is the volume of KMnO4 solution reacted, and 0.005 
kg is the mass of soil reacted.  
 Soil microbial enzyme activity was determined to quantify potential biological 
differences between the various treatments in the post-leached soils. Moist column soil 
samples were collected immediately following the final leaching event and were stored at 
4°C until enzyme assays were conducted. Soil β-glucosidase enzyme activity was 
determined using a modified laboratory procedure (Tabatabai, 2003). Duplicate 0.5 g 
moist soil samples were analyzed for β-glucosidase activity by adding 13.75 mL of 
modified universal buffer (MUB), 0.25 mL of toluene, and 0.5 mL of 0.05 M p-
nitrophenyl-β-D-glucoside (PNG) into a 50 mL flask with the moist soil. Samples were 
incubated at 37°C for 1 hour followed by the addition of 1 mL of 1 M CaCl2 and 4 mL of 
THAM (pH 12). A control was prepared for each sample in a similar manner with the 
PNG addition occurring after the incubation. Samples were filtered through 0.2 µm 
Whatman syringe filters (Whatman Inc., Florham Park, NJ) and read for absorbance at 
410 nm using a UV/visible spectrophotometer (Ultraspec 2100 pro, Amersham 
Biosciences, Sweden). Soil β-glucosiminidase enzyme activity was determined with a 
modified laboratory procedure (Parham and Deng, 2000) on duplicate 0.5 g moist soil 
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samples by adding 7 mL of acetate buffer (100mM, pH 5.5), and 0.5 mL of p-
Nitrophenyl-N-acetyl-β-D-glucosaminide (p-NNAG, 10mM) into a flask with the moist 
soil sample. Samples were incubated at 37°C for 1 hour followed by the addition of 1 mL 
of 0.5 M CaCl2 and 7 mL of 0.5 M NaOH. A control was prepared for each sample in a 
similar manner with the p-NNAG addition occurring after the incubation and addition of 
CaCl2 and NaOH. Samples were filtered with 0.2 µm Whatman syringe filters and 
absorbance measured at 405 nm using a UV/visible spectrophotometer. 
 Soil dehydrogenase activity was determined with a modified laboratory procedure 
(Pepper et al., 1995) on duplicate moist soil samples by adding 6 g oven-dry-weight 
equivalent soil into a test tube along with 1 mL of 3%2,3,5-triphenyltetrazolium chloride 
(TTC) and 3 mL of CaCO3. Samples were incubated at 37°C for 24 hours followed by the 
addition of 1 mL0.5 M CaCl2 and 7 mL of 0.5 M NaOH. Soil suspensions were 
quantitatively transferred into a vacuum filtration apparatus (Whatman #42 filter paper) 
with 40 mL of methanol. Filtrates were brought to a final volume of 50 mL with 
methanol and absorbance was measured at 485 nm using a UV/visible spectrophotometer. 
2.3.4   Data Analysis 
Microsoft Excel 2007 was used to calculate sample mean values along with 95% 
confidence intervals for initial assessment of the soil characterization data of pre-leached 
soils. Difference values for soil solid phase characteristics were then calculated by 
subtracting the initial analyte concentration from the post-leaching analyte concentrations 
for each soil column. The resulting value was negative if the soil column demonstrated a 
loss in analyte concentration and positive if the soil column demonstrated a gain in 
analyte concentration. A split-split plot analysis of variance model (Table 2.5) with splits 
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occurring for both incubation temperature and soil nutrient status was developed with 
SAS
TM
 Statistical Software Version 9.2 (SAS Institute Inc., 2008, Cary, NC, USA). 
Additionally, each leachate sample was normalized using collected leachate volume in 
order to determine the total mass of analyte loss after each leaching. These loss values 
were totaled over the course of the leaching experiment for each column, and the total 
mass lost for the columns were analyzed using a similar split-split plot analysis of 
variance model. 
Soil column leachate data was entered into MS Excel 2007 with statistical 
analyses performed with SAS using the PROC GLIMMIX procedure. Prior to analysis, 
the PROC UNIVARIATE program in SAS was used to test for normal, lognormal, 
gamma, and exponential sample distributions for all dependent variables. The Shapiro-
Wilk test for normality determined whether there was sufficient evidence to reject the 
null hypothesis that the residuals were normally distributed for all response variables. 
Pearson correlation coefficients (Appendix D) were evaluated in order to determine 
relationships among column leachate analytes. Visual estimates of the best fit 
distributions were observed and the gamma distribution with a log link function was 
selected for analysis of all dependent variables. A repeated measures randomized 
complete block generalized linear mixed model with a 2×3 factorial design was 
developed to compare soil nutrient status and incubation temperature effects through time 
(Appendix C.1). In order to account for repeated measures over leaching events, several 
covariance correlation structures were tested; auto regressive order 1 covariance structure 
[ar(1)] and the heterogeneous autoregressive order 1 covariance structure [arh(1)]. In 
most cases the ar(1) structure was used, however; the arh(1) structure was alternatively   
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used in cases where the homogeneity of variance assumption was not met (dependant 
variables Ca
2+
, Mg
2+
, Na
+
, K
+
, TN, Cl
-
, and PO4
3-
). Leaching events were treated as a 
covariant as two adjacent events should have more in common than more distant events. 
In SAS, Levene's test and boxplots were used to assess the homogeneity of variance 
assumption. Tukey-Kramer least squared differences from the LSMEANS statements 
were utilized to test for significant differences (α=0.05) in treatment means. 
2.4 Results and Discussion 
2.4.1   Initial Soil Characteristics and Chemical Properties 
Soil characterization analysis of soil column samples prior to the first leaching 
event demonstrated three predominant soil textures. Soils with silt loam textures 
comprised 44.4% of the pre-leaching samples, soils with loam textures comprised 33.3% 
of the samples, and soils with sandy loam textures comprised 22% of the samples. All 
soils in the low nutrient status grouping (Clarksville series) were silt loam in texture, all 
soils in the medium nutrient status grouping (Alred series) were loam in texture, and soils 
in the high nutrient status grouping (Arkana series) were either sandy loam or silt loam in 
texture. 
In this study, we used pre-existing soil characterization data collected by Albers 
(2010) along with site verification with soil probing to identify soil map units with 
varying base saturation at the diagnostic subsoil depth used for soil taxonomic 
classification. A range of base saturations in the surface soils were anticipated, as it was 
originally hypothesized that the cycling of nutrients in the forest would result in 
translocation of nutrients from the deeper depths to surface soil horizons. Average base 
saturation data for the pre-leaching soils (Table 2.3) revealed that this a priori assignment 
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of soil nutrient status groupings was poorly demonstrated in the chemical data of the 
surface soils. Mean base saturation ± 95% confidence interval of low, medium and high 
nutrient status soils were 50 ± 34 %, 76 ± 13 % and 49 ± 23 %, respectively (Table 2.3). 
Thus, average base saturation of the soil nutrient status groupings failed to meet criteria 
initially established for separating the different soil groupings. Despite differences in 
subsoil chemical properties at the sampled sites, soil chemical characteristics in the 0-10 
cm depth did not greatly differ between the low and high nutrient status soils. As sample 
collection typically occurred within 1 m of sampling sites previously identified and 
characterized by Albers (2010), this observation may reflect the highly variable nature of 
the pedisediment parent materials and the high coarse fragment content of the surface 
soils which may be diluting the total quantity of nutrients in the soil on a volume basis. 
Nutrient status groupings were retained for all experimental data, as some significant 
differences in soil properties were present. Despite a lack of apparent differences in soil 
chemistry in the 0-10 cm depth, these soils were collected from soil mapping units that 
have been verified as indicative of the chosen soil nutrient status grouping. Thus, the a 
priori assignment of soil nutrient status was retained throughout the analysis of all 
experimental data. 
 
  
 
3
6
 
Table 2.3. Average surface soil chemical properties for pre-leaching soil column samples. 
Soil properties include total percentage of clay by weight (% clay), total percentage of silt by weight (% silt), total percentage of sand 
by weight (% sand), extractable acidity (EA), extractable aluminum (EAl), total percentage aluminum saturation, exchangeable 
concentrations of Ca
2+
, Mg
2+
, Na
+
, K
+
, total sum of base cations (Base sum), effective cation exchange capacity (ECEC), total 
percentage of base saturation by weight, total organic carbon (TOC), total nitrogen (TN), active soil carbon determined by potassium 
permanganate extraction (Active C), water-extractable organic carbon (WEOC), water-extractable total nitrogen (WETN), soil pH 
measured in 0.01 M CaCl2 soil slurry (pH salt), and the activity of hydrogen ions calculated from soil pH salt. Error values indicate the 
95% confidence interval. 
 
% clay % silt % sand  EAl % Al saturation
Clarksville 11.2 ± 5.6 67.3 ± 6.7 21.5 ± 9.3 1.3 ± 2.4 28 ± 50
Alred 15.1 ± 4.0 39 ± 2.6 45.8 ± 2.9 0 0
Arkana 8.7 ± 3.4 48.7 ± 23.4 42.6 ± 26.8 0.3 ± 0.3 14 ± 21
Ca
2+         
Mg
2+
Na
+
K
+
Base sum ECEC % Base saturation
Clarksville 3.3 ± 2.9 0.9 ± 0.6 0 0.3 ± 0.1 4.5 ± 3.7 8.2 ± 2.1 50 ± 34
Alred 4.8 ± 2.1 2 ± 0.6 0 ± 0.1 0.3 ± 0.1 7.1 ± 2.4 9.1 ± 1.8 76 ± 13
Arkana 2.6 ± 1.8 0.8 ± 0.7 0 ± 0.1 0.2 ± 0.1 3.6 ± 2.6 6.8 ± 2.9 49 ± 23
TOC TN Active C WEOC WETN pH salt (H
+
) salt
Clarksville 28.7 ± 1.3 1.8 ± 0.7 1.0 ± 0.3 0.26 ± 0.04 0.012 ± 0.006 4.6 ± 0.6 4.26E-05 ± 5.66E-05
Alred 23.7 ± 11.6 1.6 ± 0.7 1.7 ± 0.2 0.37 ± 0.02 0.025 ± 0.004 5.2 ± 0.2 7.30E-06 ± 3.46E-06
Arkana 25.3 ± 10.2 1.3 ± 0.9 1.5 ± 0.5 0.3 ± 0.2 0.021 ± 0.008 4.6 ± 0.5 3.81E-05 ± 4.13E-05
8.4 ± 3.3
 ---------------------------------------------------------- (cmolc kg
-1
) -------------------------------------------------    Soil Series
                 ---------------- (cmolc kg
-1
) ----------------Soil Series
  ---------------------------------------------- (g kg
-1
 soil) --------------------------------Soil Series
EA
10.6 ± 1.4
6.4 ± 2.3
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2.4.2   Soil Column Leachate Data 
Overall, the effect of incubation temperature was not a significant experimental 
variable as determined by the Tukey-Kramer adjusted p-values for most dependent 
variables (Table 2.4). Ammonium was the single analyte of interest where temperature 
significantly influenced solute concentration.  For all other analytes, concentration data 
were averaged across temperature to elucidate significant differences between the soils 
investigated. However, the interaction of incubation temperature and soil nutrient status 
was significant for NO3
-
 and Mg
2+
, and these instances will be discussed in further detail 
accordingly.  
On average, the concentration of Ca
2+
 in column leachates from Clarksville soils, 
0.39 ± 0.08 mmol L
-1
 (mean ± SE), was significantly less than Alred and Arkana soils 
(Figure 2.2a). No significant difference was determined between Alred and Arkana soils 
which had mean Ca
2+
 concentrations of 0.9 ± 0.18 and 0.6 ± 0.13 mmol L
-1
, respectively. 
Peak mean Ca
2+
 concentration for Clarksville soils occurred earliest, during the second 
leaching event, while the Alred and Arkana soils peaked later in the experiment (third 
and fifth leaching events, respectively). Trends in Mg
2+
 concentrations mirrored Ca
2+
 for 
all soils (Figure 2.2b). The mean concentration of K
+
 in column leachates from 
Clarksville soils, 0.38 ± 0.05mmol L
-1
, was significantly less than Alred and Arkana soils 
(Figure 2.2c). No significance was determined between Alred and Arkana soils which 
exhibited mean K
+
 concentrations of 0.8 ± 0.11 and 1.0 ± 0.13mmol L
-1
, respectively. No 
significant difference in Na
+
 concentration was determined between soils from the 
different nutrient status groupings (Figure 2.2d). However, the mean leachate 
concentration of Na
+
 from columns incubated at 23°C was significantly greater than   
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Table 2.4. Type 3 Tests of Fixed Effects, evaluating soil nutrient status (sns), column 
incubation temperature (temp), and leaching event (leach) effects on column leachate 
chemical properties. Tukey-Kramer adjusted p-values of column leachate properties and 
nutrient concentrations from split-plot generalized linear mixed model. 
Dependent variables include solution pH, hydrogen ion activity calculated from solution 
pH (H
+
), electrical conductivity (EC), chloride (Cl
-
), nitrite (NO2
-
), nitrate (NO3
-
), 
phosphate (PO4
3-
), sulfate (SO4
2-
), calcium (Ca
2+
), magnesium (Mg
2+
),sodium (Na
+
), 
potassium (K
+
), total aluminum (AlT), ammonium (NH4
+
), dissolved organic carbon 
(NPOC), and total nitrogen (TN). 
 
 
 
  
pH (H
+
) EC Cl
-
NO2
-
NO3
-
PO4
3-
SO4
2-
Source
sns <0.0001 <0.0001 <0.0001 <0.0001 0.2491 <0.0001 0.2527 0.0265
temp 0.9380 0.4719 0.3649 0.0113 0.5086 0.5549 0.5730 0.8955
sns*temp 0.9275 0.4823 0.0628 0.7040 0.5960 0.0035 0.3725 0.0714
leach <0.0001 <0.0001 <0.0001 <0.0001 0.0598 <0.0001 <0.0001 <0.0001
sns*leach <0.0001 <0.0001 0.0004 0.0360 0.2073 0.0006 <0.0001 0.0845
temp*leach <0.0001 <0.0001 0.3750 <0.0001 0.0060 <0.0001 0.0049 <0.0001
Ca
2+
Mg
2+
Na
+
K
+
AlT NH4
+ NPOC TN
Source
sns 0.0003 <0.0001 0.1908 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
temp 0.4760 0.4358 0.0305 0.2514 0.9068 0.0368 0.3782 0.2318
sns*temp 0.1857 0.0213 0.7821 0.4996 0.9306 0.1254 0.0984 0.4003
leach <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
sns*leach 0.0010 0.0003 <0.0001 <0.0001 0.1050 <0.0001 0.2937 <0.0001
temp*leach 0.0934 0.3354 <0.0001 0.2256 0.1185 0.0052 0.9847 0.0912
 ------------------------- p-values -----------------------
 ------------------------- p-values -----------------------
Analyte
Analyte
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Figure 2.2. Column leachate mean analyte concentrations for base cations and aluminum 
plotted by soil nutrient status and leaching event. 
Mean analyte concentrations for (a) calcium (Ca
2+
), (b) magnesium (Mg
2+
), (c) potassium 
(K
+
), (d) sodium (Na
+
), and (e) total aluminum (AlT). Each leaching event signifies the 
passage of one week of incubation time. Leaching samples are displayed by soil series; 
Clarksville, Alred, or Arkana. Error bars represent the 95% confidence interval. 
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columns incubated at 26°C; however, Na
+
 concentration in the 21
o
C column leachates 
was not significantly different from data collected at 23 and 26
o
C. Mean AlT 
concentration in column leachates from Clarksville soils, 15 ± 6.8 µmol L
-1
, was 
significantly greater than Alred and Arkana soils (Figure 2.2e). No significance in AlT 
concentration was observed between the Alred (5 ± 2.2 µmol L
-1
) and Arkana (4 ± 1.7 
µmol L
-1
) soils. 
Average leachate pH for the Clarksville soils was pH 6.45 ± 0.15 which was 
significantly lower than the Alred (pH 7.61 ± 0.17) and Arkana (pH 7.55 ± 0.17) soils 
(Figure 2.3a). Leachate pH from the first leaching indicate that pH was significantly 
greater in the Arkana compared to Alred soils; however, pH for the Alred and Arkana 
soils tracked one another rather consistently for the remaining leachings. Similar 
significant differences between soils were observed for hydrogen ion activity calculated 
from leachate pH (Figure 2.3b). Average hydrogen ion activity [(H
+
)] for the Clarksville 
soils was (H
+
) = 1.122 x 10
-6
 which was significantly greater than the Alred and Arkana 
soils [(H
+
) = 3.162 x 10
-8
 and 3.359 x 10
-8
, respectively]. Electrical conductivity (EC) 
was significantly different amongst the soils for many leaching events (Figure 2.3c). On 
average, EC for the Clarksville soils was 0.43 ± .058 mS cm
-1
, 1.33 ± 0.18 mS cm
-1 
for 
the Alred soils, and 0.71 ± 0.096 mS cm
-1 
for the Arkana soils. While leachate EC did not 
fluctuate greatly for Clarksville soils, Alred and Arkana soil leachate EC increased 
dramatically and peaked at the 5th leaching event followed by a steady decrease for both 
soils.  
Sulfate (SO4
2-
) concentrations were elevated in the first leaching samples for all 
soils. The abrupt decrease in SO4
2-
 concentrations followed by stabilization for all soils   
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Figure 2.3. Column leachate mean analyte concentrations for pH, hydrogen ion activity, 
EC, and anions plotted by soil nutrient status and leaching event. 
Mean analyte concentrations for(a) pH, (b) hydrogen ion activity (H
+
), (c) electrical 
conductivity (EC), (d) sulfate (SO4
2-
), and (e) phosphate (PO4
3-
). Each leaching event 
signifies the passage of one week of incubation time. Leaching samples are displayed by 
soil series; Clarksville, Alred, or Arkana. Error bars represent the 95% confidence 
interval. 
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suggests that SO4
2-
 was initially released into solution following the disturbance 
associated with the packing of soil materials into the experimental columns (Figure 2.3d). 
On average, concentrations of SO4
2-
 in the Arkana soil were significantly greater than 
Alred soil, though no significance was determined between the Clarksville soils and the 
Arkana or Alred soils. 
Phosphate (PO4
3-
) concentrations did not significantly differ between soils on 
average and concentrations were generally very small (Figure 2.3e). Significant 
differences in PO4
3-
 concentrations were observed between leaching events and the 
interaction of soils and leaching event, and this was most pronounced in the first three 
leachings of the experiment. The initial fluctuations in solution PO4
3-
 may also reflect the 
release of solution PO4
3-
 following the disturbance associated with the packing of soil 
materials into the experimental columns. Stabilization of PO4
3-
 in leachates occurred by 
the ninth leaching event and remained low for the remainder of the experiment.  
 Concentrations of NO2
-
 were typically negligible with the greatest fluctuation 
occurring from the fourth through the ninth leaching event (Figure 2.4a). No statistical 
significance of NO2
-
 concentrations between soils was determined for the main effects. 
On average, NO3
-
 leachate concentration for the Alred soils was 28 ± 10 µmol L
-1
, which 
was significantly lesser than the Clarksville and Arkana soils, 90 ± 32 and 160 ± 59 µmol 
L
-1
, respectively (Figure 2.4b). Interestingly, differences in soil nutrient status appear to 
affect the time of peak NO3
-
 concentrations in the leachates. Peak average NO3
-
 
concentration for Arkana soils occurred earliest (fifth leaching event), while the 
Clarksville and Alred nutrient status soils peaked later (seventh and ninth leaching  
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Figure 2.4. Column leachate mean analyte concentrations for nitrogen and carbon plotted 
by soil nutrient status and leaching event. 
Mean analyte concentrations for (a) nitrite (NO2
-
), (b) nitrate (NO3
-
), (c) ammonium 
(NH4
+
), (d) total nitrogen (TN), and (e) dissolved organic carbon (NPOC).Each leaching 
event signifies the passage of one week of incubation time. Leaching samples are 
displayed by soil series; Clarksville, Alred, or Arkana. Error bars indicate the 95% 
confidence interval. 
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Figure 2.5. Column leachate mean analyte concentrations for ammonium plotted by soil nutrient status, incubation temperature, and 
leaching event. 
Mean analyte concentrations for ammonium (NH4
+
). Each leaching event signifies the passage of one week of incubation time. 
Leaching samples are displayed by soil series (Clarksville, Alred, or Arkana) and column incubation temperature (21°C, 23°C, and 
26°C). Error bars indicate the 95% confidence interval. 
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events, respectively). As initial concentrations of TN in the contrasting soils were 
comparable (Table 2.3), unknown chemical species in the soil solution such as leachate 
AlT may by causing the observed delay in peak NO3
-
 leaching between the different soils 
(Figure 2.4b). Further leaching of the Clarksville soils may have been necessary to create 
conditions favorable for the conversion of NH4
+
 to NO2
-
 and NO3
-
 by nitrifying bacteria 
in the soil columns. This difference in peak NO3
-
 leaching may be a result of greater 
concentrations of such interfering analytes existing in the soil columns following the 
disturbance associated with the packing of soil materials into the experimental columns. 
 On average, NH4
+
 leachate concentrations for the Alred soils was 1.7 ± 0.6 mmol 
L
-1
, which was significantly greater than the Clarksville (0.31 ± 0.09 mmol L
-1
) and 
Arkana (0.35 ± 0.11 mmol L
-1
) soils, (Figure 2.4c). Additionally, NH4
+
 leachate 
concentration from columns incubated at 23°C was significantly greater than columns 
incubated at 26°C; however, NH4
+
 concentration was not significantly different between 
columns incubated at 21°C and the other two temperatures. This observation may reflect 
the influence of optimum soil temperature on nitrifying microbial populations in the soil 
columns. In general, TN data mirrored trends observed with other N species. Average TN 
concentration for the Alred soil leachates was 1.7 ± 0.36 mmol L
-1
, which was 
significantly greater than the Clarksville and Arkana soils, 0.6 ± 0.13and 0.75 ± 0.16 
mmol L
-1
, respectively (Figure 2.4d). As observed in the NO3
-
 leachate data, peak 
average TN concentration for Arkana soils occurred earliest (fifth leaching event), while 
TN in the Clarksville and Alred soils peaked later (seventh and ninth leaching events, 
respectively). 
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Dissolved organic carbon (NPOC) was significantly different amongst all soil 
groupings on average. Mean concentration of NPOC was greatest (7.0 ± 2.1 mmol L
-1
) 
for the Alred soils and least for the Arkana soils (2.1 ± 0.6 mmol L
-1
) (Figure 2.4e). 
Clarksville soils had a mean NPOC concentration of 4.0 ± 1.3 mmol L
-1
. Overall, NPOC 
concentrations were greatest for the first six leaching events and least for eleventh 
through sixteenth leaching events where NPOC remained relatively stable for all soils. 
Previous microclimate data collected from the MOFEP sites indicate differences 
in the diurnal changes of soil temperature between EAM and UAM sites (Zheng et al., 
2000). For this column leaching study, average peak temperatures for the respective 
harvest treatments were selected, as constant temperature rooms were utilized to simulate 
the effects of timber harvest. Further research simulating the diurnal fluctuation observed 
in the field may generate results more representative of nutrient leaching losses observed 
in a field setting. Additional statistically significant effects of the incubation temperature 
on leachate chemistry between the different soils may occur with simulated temperature 
flux. 
2.4.3   Effects of Leaching on Soil Solid Phase Chemical Properties 
The 16-week leaching experiment resulted in changes in the bulk soil chemical 
properties of the soil columns. However, analysis of difference values calculated by 
subtracting the average initial concentration from the average post-leaching analyte 
concentrations determined that there was no significance of incubation temperature on 
changes in soil chemical properties (Table 2.5). Total N decreased by an average of 0.086 
g kg
-1
 in the Clarksville soils which was significantly different than the Alred and Arkana 
soils which were not significantly affected by leaching (Figure 2.6a). Total organic 
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carbon, soil pH salt, and exchangeable concentrations of Ca
2+
 and Na
+ 
showed no notable 
changes as a result of leaching. Exchangeable concentrations of Mg
2+
 increased by an   
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Table 2.5. Type 3 Tests of Fixed Effects, evaluating column incubation temperature 
(temp) and soil nutrient status (sns) effects on soil column difference values (pre- and 
post-leaching). Tukey-Kramer adjusted p-values of soil properties and nutrient 
concentrations from split-split plot analysis of variance model. 
Dependent variable investigated were soil pH measured in 0.01 M CaCl2 soil slurry (pH 
salt), the activity of hydrogen ions calculated from soil pH salt, extractable acidity (EA), 
extractable aluminum (EAl), aluminum saturation (Al sat), total organic carbon (TOC), 
total nitrogen (TN),exchangeable concentrations of Ca
2+
, Mg
2+
, Na
+
, K
+
, total sum of 
base cations (Base sum), effective cation exchange capacity (ECEC), base saturation 
(Base sat), active soil carbon determined by potassium permanganate extraction (Active 
C), water-extractable organic carbon (WEOC), and water-extractable total nitrogen 
(WETN). 
 
 
  
pH salt (H
+
) salt EA  EAl Al sat TOC                  TN                   Ca
2+     
Source
temp 0.9493 0.9581 0.9473 0.9971 0.9862 0.9948 0.9790 0.9958
sns 0.1720 0.3870 0.0030 0.7124 0.6193 0.0734 0.0417 0.0918
temp*sns 0.9727 0.9963 0.9879 0.9998 0.9997 0.9995 0.9846 0.9998
Mg
2+                   
Na
+                   
K
+                   
Base 
sum ECEC             
Base 
sat
Active    
C WEOC WETN
Source
temp 0.9290 0.5120 1.0000 0.9943 0.9735 0.9866 0.4244 0.9779 0.8838
sns 0.0003 0.0635 0.0348 0.0350 0.0316 0.0402 0.6487 0.1234 0.1046
temp*sns 0.9984 0.7365 1.0000 0.9999 0.9715 0.9980 0.9958 0.9998 0.9828
 -------------------------------- p-values -------------------------------
 -------------------------------- p-values -------------------------------
Analyte
Analyte
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Figure 2.6. Comparisons of soil chemical property mean difference values (pre- and post-
leaching) between soils with differing soil nutrient status. 
Comparisons for (a) total nitrogen (TN), exchangeable concentrations of (b) magnesium 
(Mg
2+
) and (c) potassium (K
+
), (d) effective cation exchange capacity (ECEC), (e) total 
percentage of base saturation by weight, and (f) extractable acidity (EA). Significant 
differences between values are represented by the presence of different letters (α=0.05). 
Error bars represent one standard error. 
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average of 0.92 cmolc kg
-1
 in Arkana soils and decreased by 1.26cmolc kg
-1
 in Alred soils 
(Figure 2.6b). Exchangeable K
+
 decreased for all soils by 0.20, 0.26, and 0.33cmolc kg
-1
 
respectively for the Arkana, Alred, and Clarksville soils. The total sum of bases by 
weight increased by an average of 3.24cmolc kg
-1
 in the Arkana soils. An average 
increase of 2.74cmolc kg
-1
 of estimated cation exchange capacity occurred in the Arkana 
soils as a result of leaching. Interestingly, the leaching process seemed to have the largest 
effect on the bulk soil chemical properties of the Alred soils over the Arkana and 
Clarksville soils. The Alred soils showed a decrease in base saturation by an average of 
30.78 % along with an increase in extractable acidity by an average of 4.25 cmolc kg
-1
. 
Neither the total percentage of Al saturation by weight or concentrations of extractable Al 
were affected by leaching.  
Total mass of analyte lost from each column was calculated by normalizing the 
concentration data (µmol L
-1
) by the volume of leachate collected. Analysis of the 
resulting loss data (µmol) demonstrated that significant differences in total quantity of 
nutrients lost occur between the contrasting nutrient status soils (Table 2.5). Alred soils 
demonstrated the a loss of 1.8 ± 0.2 mmol of Ca
2+
, which was significantly greater than 
the Arkana and Clarksville soils which lost 1.3 ± 0.2 mmol and 0.8 ± 0.2 mmol, 
respectively. Clarksville soils demonstrated significantly lessor losses of Mg
2+
, than the 
Alred or Arkana soils. Total Mg
2+
 loss for Clarksville soils was 0.5 ± 0.1 mmol, while 
Alred soils lost 1.3 ± 0.1 mmol and Arkana soils lost 1.1 ± 0.1 mmol. Clarksville soils 
showed significantly greater losses of AlT than the Alred or Arkana soils; however, the 
Alred and Arkana soils did not significantly differ. Total AlT loss for Clarksville soils  
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Table 2.6. Type 3 Tests of Fixed Effects, evaluating the effects of incubation temperature 
and soil nutrient status (sns) on total analytes lost via leaching (µmol) in soil column 
experiment. Tukey-Kramer adjusted p-values of nutrient mass from split-plot generalized 
linear mixed model. 
 
Dependent variables include loss of calcium (Ca
2+
), magnesium (Mg
2+
), total aluminum 
(AlT), dissolved organic carbon (NPOC), and total nitrogen (TN). 
 
 
 
  
Ca
2+
Mg
2+
AlT NPOC TN
Source
temp 0.7691 0.5581 0.9891 0.8899 0.7696
sns 0.0012 0.0005 0.0385 0.0217 <0.0001
temp*sns 0.9335 0.7671 1.0000 0.9010 0.8325
Analyte
 ------------------------- p-values -----------------------
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was 49.2 ± 11.3 µmol, while Alred soils lost 11.8 ± 11.3 µmol and Arkana soils lost 9.1 ± 
11.3 µmol. Alred soils demonstrated significantly greater losses of DOC than Arkana 
soils. Total DOC loss in Clarksville soils did not significantly differ with either DOC loss 
in either the Arkana or Alred soils. Total DOC loss for Arkana soils was 5.7 ± 2.6 mmol, 
while Alred soils lost 17.9 ± 2.6 mmol and Clarksville soils lost 10.7 ± 2.6 mmol. Alred 
soils demonstrated significantly greater losses of TN than the Arkana and Clarksville 
soils. Total TN loss for Alred soils was 3.2 ± 0.2 mmol, while Arkana soils lost 1.8 ± 0.2 
mmol and Clarksville soils lost 1.1 ± 0.2 mmol. 
Analysis of difference values for active soil carbon determined by potassium 
permanganate extraction, WEOC, and WETN pre- and post-leaching also demonstrated a 
lack of significance for soil nutrient status or incubation temperature (Table 2.5). 
However, concentrations of WEOC and WETN were significantly decreased for all soils 
as a result of the leaching process (Figure 2.7b,c). Incubation temperature was 
determined to be a significant variable for β-glucosidase activity (p-value = 0.0426) while 
soil nutrient status and the interaction between soil nutrient status and temperature 
demonstrated no significance (Figure 2.8a). Mean β-glucosidase activity ± SE was 
greatest in soils incubating at 21°C and was determined to be 502.3 ± 58.9 (µg p-
nitrophenol released g
-1
 dry soil hr
-1
) which was significantly greater than the activity in 
the soils incubating at 26°C (228.72 ± 58.9 µg p-nitrophenol released g
-1
 dry soil hr
-1
). 
No significance was determined between the 23°C temperature and the other incubation 
temperatures. Zak et al. (1999) observed the physiological response of soil 
microorganisms to soil temperature in surface soils collected from northern hardwood 
forests. They noted the greatest reduction in respired C and mineralized N pools at 25°C, 
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and they suggest that microbial activity in warmer soil temperatures may be limited by 
the diffusion of substrate to metabolically active cells. Studies in similar forest soils also 
demonstrate an interactive effect of soil temperature and matric potential. Munns and 
Cassman(1980) found the greatest reduction of net N mineralization occurring from -0.01 
to -0.20 MPa at the warmest simulated soil temperature (30°C). Estimates of microbial 
catabolic activity determined from measured 
14
C-lignocellulose mineralization by Spratt 
(2002) demonstrate increased cellulose mineralization following a clearcut at MOFEP. 
The 16-week leaching period may not have been long enough to allow microbial 
populations in the soils columns to equilibrate, as Spratt (2002) indicated peak 
mineralization activity to have occurred between 1 and 2 years post-harvest followed by a 
decline in activity. Significant increases in microbial catabolic activity were observed in 
control plot soils by Spratt (2002), which may support the assertion that the lower soil 
temperature in these sites is affecting microbial activity. Further enzyme assays and a 
longer duration of incubation time may be necessary to adequately characterize microbial 
changes occurring naturally in the field as a result of soil temperature changes. 
Mean β-glucosiminidase activity ± SE was significantly less in Arkana soils at 
673.9 ± 98.02(µg p-nitrophenol releasedg
-1
 dry soilhr
-1
) compared to Alred and 
Clarksville soils which were 1028.6 ± 98.02 and 920.5 ± 98.02 (µg p-nitrophenol 
released g
-1
 dry soil hr
-1
) respectively. No significance was determined between the 
Clarksville and Alred soils (Figure 2.8a). Previous studies of microbial populations in 
northern hardwood forests showed that microbial activity in mineral soil can be greatly 
inhibited by increased inputs of NO3
- 
(DeForest et al., 2004). On average, peak average 
NO3
-
 concentration was greatest and occurred earliest for Arkana soils. Increased 
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competition for substrates may also be a contributing factor, as more diverse populations 
of bacterial communities are commonly observed in Arkana nutrient status soils (Fisher 
et al., 2000). These findings may explain the reduced enzyme activity observed in the 
Arkana soils. Mean dehydrogenase activity (µg triphenylformazan released g
-1
 oven dried 
soil hr
-1
) showed no significant response for incubation temperature, soil nutrient status, 
or the interaction between these two effects (Figure 2.8b). 
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Figure 2.7. Comparisons of column soils pre- and post-leaching by soil nutrient status 
and incubation temperature for active C, WEOC, and WETN. 
Comparisons of mean data for (a) active soil carbon determined by potassium 
permanganate extraction (Active C), (b) water-extractable organic carbon (WEOC), and 
(c) water-extractable total nitrogen (WETN). Error bars indicate one standard error (SE). 
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Figure 2.8. Comparisons of post-leaching enzyme activity in column soils by soil nutrient 
status and incubation temperature. 
Comparisons of enzyme activity for (a) β-glucosidase and β-glucosiminidase and (b) 
dehydrogenase. Error bars indicate one standard error (SE). 
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2.5 Conclusions 
Overall, the effect of incubation temperature was not significant for all bulk soil 
chemical properties and most leachate analytes. Temperature demonstrated the most 
pronounced effects for NH4
+
 and β-glucosidase activity. Leachate NH4
+
concentration was 
in columns incubated at 23°C was significantly greater than columns incubated at 26°C. 
Possibly, the 26°C temperature represents optimal soil conditions required for nitrifying 
microbial populations in the soil columns to utilize the initial NH4
+
 concentrations. As 
NH4
+
 is converted toNO2
-
 and NO3
-
 by nitrifying bacteria in the soil, the statistical effects 
of temperature are no longer observable for the other N species. Analysis of soils 
revealed that Clarksville soils lost a greater concentration of TN as a result of the 
leaching process compared to the less vulnerable soils. The Alred soils showed a decrease 
in base saturation by an average of 30.78 % along with an increase in extractable acidity 
by an average of 4.25 cmolc kg
-1
. Clarksville soils showed the greatest reduction in ECEC 
as a result of leaching. On average, peak NO3
-
 concentration was greatest and occurred 
earliest for Arkana soils which may be inhibiting enzyme activity. Increased soil 
temperatures observed in stands harvested with even-aged management may be limited 
by the diffusion of substrate to metabolically active cells. In general, Alred and Arkana 
soils appear to be more greatly influenced by disturbance. This finding may have 
implications for field harvest, as the continued timber productivity of these favorable 
sites should be preserved in forest management policies that ensure sustainable use of 
Missouri Ozark forests. Further research investigating soil temperature fluctuation will 
improve our understanding of nutrient leaching rates observed following timber harvests.  
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CHAPTER 3: SOIL SOLUTION CHEMISTRY AND NUTRIENT 
FLUX IN MISSOURI OZARK HIGHLAND SOILS UNDER 
MIXED HARDWOOD FORESTS 
3.1 Abstract 
Changes in soil solution chemistry and nutrient flux may result from forest 
harvest due to disturbance, slash deposition, and mineralization processes. Highly 
weathered soils with inherently low nutrient supply capacity in forested ecosystems may 
be more vulnerable to nutrient loss via leaching and decreased soil fertility following 
harvest than soils with greater nutrient supply capacity. However, sufficient background 
data must be collected to quantify changes that may occur after harvest. Therefore, the 
objective of this study was to characterize soil solution chemistry in Ozark Highland soils 
located in southern Missouri before timber harvest and to elucidate differences in soil 
solution chemistry between soils with different nutrient status. Soil solution chemistry 
and nutrient flux was monitored at the Missouri Ozark Forest Ecosystem Project 
(MOFEP) in low and medium nutrient status soils managed using three forest 
management systems, even-aged management (EAM) with clearcutting (CC), uneven-
aged management (UAM) with single tree and group selection (STS), and no-harvest 
management (NHM). Throughfall and soil solution samples collected with zero-tension 
solution samplers (15 and 40 cm depths) were analyzed for pH and electrical 
conductivity, and concentrations of cations (K
+
,Na
+
,NH4
+
, Ca
2+
, Mg
2+
, and total 
aluminum), anions (Cl
-
, NO3
-
, SO4
2-
, PO4
3-
), dissolved organic carbon, and total nitrogen. 
Cumulative ion flux through the system was captured using ion exchange resin samplers 
(15 and 40 cm depths). Seasonal fluctuations in pH, base cation, DOC, and TN 
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concentrations were observed for both soils, though few significance differences in soil 
solution chemistry were observed between the low and medium nutrient status soils. 
Cumulative Ca
2+
 flux was significantly greater at the 40 cm depth of the medium nutrient 
status soils compared to that of the low nutrient status soils. Study results will aid in the 
development of forest management policies that ensure sustainable use of Missouri Ozark 
forests. 
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3.2 Introduction 
The Missouri Ozark Forest Ecosystem Project (MOFEP) includes 3,800 ha of 
forested land located in the Ozark Highlands of southern Missouri. The Missouri 
Department of Conservation (MDC) initiated this long-term project in 1989 to evaluate 
forest management systems at the ecosystem level (Brookshire et al., 1997). Common 
silvicultural systems implemented in Missouri include even-aged management (EAM) 
(e.g., clearcutting, shelterwood, and seed-tree systems) and uneven-aged management 
(UAM) (e.g., single-tree and group selection systems).The experiment consists of nine 
sites that have each been assigned one of three forest management systems, even-aged 
management (EAM) with clearcutting (CC), uneven-aged management (UAM) with 
single tree and group selection (STS), and no-harvest management (NHM) (Brookshire et 
al., 1997). 
Soils of the Ozark Highland region have weathered from a variety of parent 
materials (e.g., residuum, alluvium, loess, and hillslope sediments) and the nutrient status 
of the underlying subsoil horizons is highly variable(Hammer, 1997).  Evidence of the 
high degree of weathering exhibited by soils in this region is represented by low cation 
exchange capacity (CEC), low base saturation, and relatively low concentrations of 
exchangeable calcium and magnesium(Kabrick et al., 2011).  Changes in soil solution 
chemistry and nutrient flux as a result of forest regeneration methods may 
disproportionately affect some forest soils depending upon their initial nutrient status. 
Highly weathered soils with inherently low nutrient supply capacity may be more 
vulnerable to decreased soil fertility due to forest harvest than soils with high nutrient 
supply capacity. 
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Forest harvest methods can alter nutrient cycling rates in a forest ecosystem as 
nutrients can be lost from the soil at an increased rate through leaching processes 
(Johnson and Todd, 1990; Belleau et at., 2006). These changes in nutrient cycling rates 
observed in post-harvest years are typically controlled by the percentage and distribution 
of timber slash remaining after harvest (Belleau et al., 2006). Clearcutting potentially 
removes more biomass than other timber regeneration methods. Exchangeable base 
cation concentrations and soil pH were shown by Johnson et al. (1997) to decrease over a 
3 year period following a clearcut in the upper soil horizons of a northern hardwood 
forest. Changes in carbon and N cycling are important indicators when evaluating the 
effects of harvest on forest regeneration. Spoelstra et al. (2010) observed the elevated 
levels of nitrate export from a forest harvested with clearcutting operations. Such 
transformations to the forest nutrient cycle can present detrimental effects to downstream 
aquatic ecosystems and may deplete nutrients needed for forest regeneration.  
Impact of UAM methods on soil properties in northern hardwood forests is less 
understood. Recent studies in European forests have demonstrated UAM methods to be a 
profitable and beneficial alternative to EAM methods in providing timber resources for 
private landowners while retaining the ecosystem services provided by forests (Boncina, 
2011; Pukkala et al., 2011). Albers (2010) found localized regions of nutrient depletion 
surrounding tree stumps 10 years after UAM methods at MOFEP sites in the Ozark 
Highlands. Concentrations of DOC and TN were found to be significantly lower in UAM 
compared to EAM sites, but no significant differences occurred between each UAM and 
the unharvested control sites (Albers, 2010). These results all demonstrate the need to 
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understand the effects of timber harvesting methods in order to properly weigh harvest 
effects on nutrient cycling in the forest ecosystem.   
Many plant-essential nutrients are taken up from the soil solution (Sparks, 2003). 
Thus, studying soil solution chemistry has direct relevance to plant-available nutrients. 
Well-developed ex situ methods for soil solution sampling such as centrifugal, column, or 
immiscible displacement techniques have been widely used by researchers (Wolt, 1994).  
However, in situ monitoring of soil solution chemistry can be a challenging process and 
care must be taken to select a solution sampler that meets specific requirements of the 
research project. Various types of solution samplers have advantages and disadvantages 
in extracting different fractions and qualities of soil solution (Barbee and Brown, 1986; 
Goyne et al., 2000; Marques et al., 1996; Weihermuller et al., 2007). One of the most 
conventional solution samplers for observing nutrient inputs and outputs in forested 
ecosystems are zero-tension samplers (ZTS) (Marques et al., 1996; Weihermuller et al., 
2007). Zero-tension samplers are comprised of a collection pan installed into a lateral 
excavation of a soil pit wall which is then attached to a sample bottle allowing for the 
collection of free-draining soil solution through the soil profile. They can be an effective 
tool to capture soil solution if important considerations are made in the fabrication and 
installation of these devices (Giesler et al., 1996; Jemison and Fox, 1992; Radulovich and 
Sollins, 1987). Zero-tension samplers are less likely to contaminate the collected 
solution; however, they can be expensive to install and will often only collect solution 
when saturated conditions occur (Jemison and Fox, 1992).   
Ion-exchange resin (IER) samplers have been also been used to investigate soil 
solution chemistry in forested ecosystems (Szillery et al., 2006). The IER samplers 
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consist of a known quantity or area of IER isolated from the soil surface with two layers 
of a semi-permeable material which allow gravitational water to drain through the 
sampler. These samplers are typically installed into a lateral excavation of a soil pit wall 
or completely buried underneath surface soil horizons. The relatively low fabrication cost 
of IER samplers and their smaller sampling area make them suitable for studies 
examining the effects of spatial heterogeneity in soil landscapes (Weihermuller et al., 
2007). Considering the limitations of each type of soil solution sampler, it is beneficial to 
use a combination of sampler designs to completely evaluate in situ soil solution 
chemistry. The objective of this study was to characterize soil solution chemistry in 
Ozark Highland soils located in southern Missouri before timber harvest and to elucidate 
differences in soil solution chemistry between soils with different nutrient status. This 
research study will further our knowledge of MOFEP soils by observing changes in soil 
solution chemistry and nutrient flux in soils with different nutrient status using in situ 
investigation techniques. 
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3.3 Materials and Methods 
3.3.1   Experimental Design and Site Selection 
The MOFEP study includes nine different sites each ranging from 291 to 514 
hectares of forested land in the Ozark Highlands of southeastern Missouri. This long-term 
project was initiated in 1989 to comprehensively evaluate forest management systems 
utilized by the Missouri Department of Conservation (MDC) at the ecosystem level 
(Brookshire et al., 1997). Harvest treatments followed MDC guidelines (MDC, 1986), 
and harvest occur approximately every 15 years. Over the course of each harvest re-entry, 
10 – 12% of a site is harvested with the designated treatment. The experiment consists of 
nine experimental sites that have each been assigned one of three forest management 
systems, even-aged management (EAM) with clearcutting (CC), uneven-aged 
management (UAM) with single tree and group selection (STS), and no-harvest 
management (NHM) (Brookshire et al., 1997).  
Soil percent base saturation (BS) was used along with the underlying parent 
material to assign nutrient status groupings to soil mapping units at MOFEP (Kabrick et 
al., 2000).The percent base saturation (BS) of the diagnostic subsoil horizon was used in 
the designation of soil nutrient status groupings; groupings used in this study include low 
(≤20% BS) and medium (20 - 50% BS). Four soil mapping units were chosen to represent 
soils with contrasting soil nutrient status: (1) low nutrient status - 80F (or 63F alternate); 
and (2) medium nutrient status - 82F (or 75F alternate). High nutrient status soils (≥ 50% 
BS) were not considered for investigation, as these soils are commonly associated with 
glade ecosystems and variable depth to bedrock (0 – 1 m) often prohibits the growth of 
merchantable timber. The difficulty of installing solution samplers in these shallow soils 
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and the uncommonness of timber harvest on these sites excluded them from this study. 
The 80F/63F mapping units are comprised of soils with loamy-skeletal and loamy-
skeletal/clayey textural classes and low base saturation (< 20% BS). The 82F/75F 
mapping units are comprised of soils with loamy-skeletal and loamy-skeletal/clayey 
textural classes and low to high base saturation (≥ 50%) (Meinert et al., 1997). Suitable 
sampling locations were selected based upon harvest prescriptions for the 2011 re-entry 
period, representative slope class, and soil mapping unit. Two soil pit locations on low or 
medium nutrient status soil map units were identified within each of the nine sites and 
verified through soil probing prior to excavation.  
Soils were typically covered with a layer of coarse woody debris and O horizon 
materials that was < 3 cm thick. Coarse fragments were dominated by gravel-sized chert 
fragments with occasional gravel and cobble-sized sandstone fragments, and ranged from 
< 10 to 70 percent of soil volume within the profile (visually estimated). The dominant 
soil color hue was 10YR for low nutrient status soils, but 7.5YR, 5YR, and 2.5 YR hues 
were common in the lower depths of the medium nutrient status soils. Soil texture classes 
were commonly silt loam or loam for low nutrient status soils while silty clay loam, clay 
loam, and clay were present in lower depths of the medium soil profiles. High value and 
chroma were observed throughout subsurface soil colors while soil chroma values of 2 or 
less were only observed in surface horizons and eluvial (E) horizons. These soil color 
characteristics along with the lack of evidence of redoximorphic features found 
throughout the soil profiles indicate the relative well drained nature of MOFEP soils 
investigated in this study. Typical soil profile horizonation consisted of A horizons 
underlain by E horizons and/or AB and BE transition horizons, and B horizons exhibiting 
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illuvial clay accumulation. Soil structure ranged from strong to weak granular and 
subangular blocky, although strong to weak angular blocky and prismatic structure was 
observed in subsoil horizons with greater clay content. 
The pre-harvest forest composition was assessed by collection of descriptive 
forestry data (Appendix A) for all sampling sites using the soil pit as the plot center. All 
live overstory trees and snags ≥ 11.43 cm diameter-at-breast-height (DBH) and were 
measured in circular (16.06 m radius) overstory plots. All live midstory trees ≥ 3.81 cm 
DBH and < 11.43 cm DBH were measured in a concentrically-nested circular (8.02 m 
radius) subplot. All live understory trees (> 1 m tall and < 3.81 cm DBH) were measured 
in a concentrically-nested circular (3.6 m radius) subplot. At each overstory plot and 
midstory subplot, species, and DBH were measured to the nearest 0.25 cm. Canopy 
closure was measured at each sampling location using Model A convex spherical 
densitometers. Forest floor litter and duff depth was measured to the nearest 0.25 cm at 
points at 0, 3.05, and 6.1 m along each of two transects from plot center for a total of 6 
depth measurements per plot. Litter is defined as the surface layer consisting of leaves, 
needles, twigs, bark and fruit; whereas, duff (Oi and Oe horizons) is defined as the 
fermentation of humus layers below the litter layer but above the mineral soil (Brown, 
1974). At the same points (0, 3.05, and 6.1 m), a 0.5 m
2
 frame was placed on the forest 
floor and a visual estimate of percent cover of leaf litter, duff, and bare ground was 
recorded. Overstory and midstory forestry data were combined to calculate basal area and 
trees per hectare by soil nutrient status and tree species group (Table 3.1). Overall, sites 
with medium nutrient status soils had more trees per hectare and slightly greater basal 
area. 
   
7
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Table 3.1. Basal area (m
2
 ha
-1
) and trees per hectare by soil nutrient status and tree species groups of sampling locations. 
 
 
scarlet oak 
†
black oak 
§
white oak 
¶
post oak 
#
shortleaf pine            
Ω
maples 
‡
hickories 
††
dogwood 
§§
blackgum 
¶¶
other species 
##
Total
low 5.7 5.4 4.7 0.7 1.0 0.0 2.7 0.4 1.2 1.2 23.1
medium 6.5 4.0 5.5 1.7 1.7 0.5 3.6 1.2 0.7 1.1 26.5
low 78 49 184 26 25 0 180 73 117 45 778
medium 77 34 206 16 26 113 183 277 138 56 1126
†
 Quercus coccinea 
#
 Quercus stellata †† Carya cordiformis; Carya ovata; Carya tomentosa
§
 Quercus velutina
Ω
 Pinus echinata
§§ 
Cornus florida; Cornus racemosa
¶
 Quercus alba
‡
 Acer rubrum
¶¶
 Nyssa sylvatica 
Soil 
nutrient 
status
   ------------------------------------------------------- Basal area (m
2
 ha
-1
) --------------------------------------------------------
##
 Cercis canadensis; Celtis occidentalis; Corylus americana; Fraxinus americana; Fraxinus pennsylvanica; juniperus virginiana; 
Prunus americana; Prunus serotina; Quercus meuhlenbergii; Quercus rubra; Rhamnus caroliniana; Sassafras albidum; Ulmus 
americana; Ulmus rubra; Vaccinium arboreum; Viburnum sp.
   --------------------------------------------------------- Trees per hectare  -----------------------------------------------------------
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3.3.2   Soil Sampling and Sampler Installation 
Soil pits were excavated with a backhoe to a depth of 1m unless logistical 
constraints or site inaccessibility required excavation by hand. Throughout the excavation 
process, the integrity of the undisturbed soil landscape immediately surrounding and 
upslope from the sampling location was preserved by bringing the backhoe to the 
location from downslope. Spoil materials were piled downslope from the pit at a distance 
that would not interfere with the sample collection zone of each location. Complete soil 
profile descriptions were recorded by field technicians at each sampling location. At the 
18 soil pit locations, soil samples were collected from a pit wall in 10 cm increments 
from the 0 to 40 cm depth. Samples were collected in plastic bags and immediately 
packed into coolers were they were transported back to the laboratory. Soils were then 
air-dried and sieved to < 2-mm before characterization analysis.    
Thirty-six ZTS were constructed from high density polyethylene (HDPE) plastic 
with a sampling area of 0.086 m
2
(27 × 32 cm) following a design similar to Goyne et al. 
(2000). The drainage point of each ZTS was fitted with a barbed, nylon elbow hose 
fitting using a contact adhesive. Each drainage hole was covered with 53 μm diameter 
Nitrex
®
 nylon mesh in order to prevent solids from entering collection bottles. Samplers 
were scrubbed with a lab detergent, rinsed with ultra-pure water, and stored in an acid-
washed, sealed container until installation in the field.  
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Two ZTS were installed within each soil pit following lateral excavations into the 
pit walls at depths of 15 and 40 cm (Figure 3.1). Excavations were made as small and 
square as possible using rock hammers, knives, and hand levels; however, excavations 
were large enough to permit recessing of the ZTS ~10 cm away from the pit wall. The 40 
cm depth ZTS was installed upslope of the 15 cm depth ZTS to minimize interference 
between the samplers. The ZTS were filled with acid-washed fine silica sand to prevent 
collapse of the overlying soil. Pre-treatment of silica sand included soaking in a 0.01M 
HCl acid bath for 24 hr, followed by a deionized water soak for 24 hr. The silica sand 
was then packed into 5.0 cm diameter, 100 cm long polyvinyl chloride (PVC) columns, 
flushed with 7.0 L of deionized water over a 1 hr period, and oven dried at 105 °C for 24 
hr. The ZTS were pressed against the exposed soil surface with wooden shims. Shims 
were added as necessary throughout the experiment to ensure maximum sampler contact 
with the soil surface. Each ZTS was connected to an acid-washed 25 L HDPE plastic jug 
with braided PVC nylon hose that had been rinsed with ultrapure deionized water. 
Wooden support structures were constructed to brace soil pit walls. The space between 
the soil pit wall and the wall of the wooden enclosure was carefully backfilled to 
maintain integrity of the pit walls. The ZTS samplers were allowed to equilibrate in the 
field for ~ 6 months prior to the first sampling event.  
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One hundred and eight ion exchange resin (IER) samplers with a sampling area of 
83.3 cm
2 
were constructed from Rexyn 300 (H-OH) ion exchange resin, acid-washed fine 
silica sand, Nitrex® nylon mesh, and acid-washed PVC couplings (Susfalk and Johnson, 
2002). Three IER samplers were installed at the15 cm and 40 cm depths within each soil 
pit resulting in a total IER sampling area of 0.024 m
2
 at each depth increment (six IER 
samplers per soil pit). Concurrent with IER sampler construction, two extra resin bags 
were prepared for every complete set of samplers and then stored at 4°C during the 
respective collection period. These extra bags were then analyzed with the complete set 
of IER bags in order to measure any artifact analyte concentrations. Additionally, 18  
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Figure 3.1. Photo of (a) zero tension samplers installed into a soil pit wall at 15 and 40 
cm depths and (b) a constructed soil pit enclosure at a sampling location with throughfall 
sampler 
 
. 
  
40 cm 
15 cm 
(
a) 
(a) 
(b) 
 81 
  
trough-style throughfall collectors with an area of 0.066 m
2
 (7.5 × 88.75 cm) were 
constructed from PVC piping and mounted onto wood braces that held the sampler 
approximately 75 cm above the ground (Kostelnik et al., 1989). A standard plastic rain 
gauge was installed near each trough-style throughfall collector as an alternative 
measurement of throughfall volume. 
3.3.3   Sample Collection and Characterization 
Sampling of throughfall and soil solution occurred a total of 27 times. Volume of 
the entire sample collected by a ZTS or throughfall sampler was measured using 
graduated cylinders. Electrical conductivity (EC) and pH were determined in the field on 
stirred, unfiltered samples using a portable conductivity meter (Accumet
®
 AP75, Fisher 
Scientific, Singapore) and a portable pH meter (Accumet
®
 AP115, Fisher Scientific, 
Singapore). Sub-samples were collected in acid-washed, high density polyethylene 
(HDPE) 1L labeled bottles, and samples kept on ice or refrigerated throughout the 
duration of the sampling trip. Each sample was then transported back to the laboratory 
and stored at 4°C prior to analysis. Solution samples were filtered through a vacuum 
filtration apparatus with 0.45 µm mixed cellulose ester membranes (Millipore Corp., 
Billerica, MA) and divided amongst acid-washed subsample bottles for storage. 
Approximately, 60 mL of sample was kept unacidified, 60 mL were acidified with 85% 
H3PO4 to pH 2, and 60 mL were acidified with HNO3 to pH 2. All subsamples were 
stored at 4°C prior to analysis. 
Unacidified subsamples were used to analyze for NH4
+
 using the Quikchem 
Lachat colorimetric method 10-107-06-1-K (15 March 2001 revision - Lachat 
Instruments; Hach Company, Loveland, CO) and for anions (PO4
3-
, SO4
2-
, NO3
-
, NO2
-
, 
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Cl
-
, F
-
 and Br
-
) using a Dionex ICS-1000 ion chromatography system equipped with an 
IonPac
®
 AG14A 4 mm guard column (4 × 50 mm) and an IonPac
®
 AS14A analytical 
column (4 × 250 mm) (Dionex Corp., Sunnydale, CA). Dionex AS14A eluent (8.0 mM 
sodium carbonate; 1.0 mM sodium bicarbonate in deionized water) was used for anion 
analyses at a flow rate of 1 mL min
-1
.  Ammonium and anions were measured within 24 
hours of collection on most occasions.  
Non-purgeable organic carbon (NPOC) which will herein be referred to as 
dissolved organic carbon (DOC) and total nitrogen (TN) were determined on subsamples 
acidified with 85% H3PO4 to remove inorganic carbonates.  Samples were analyzed using 
a Shimadzu TOC-V
TM
 liquid carbon analyzer equipped with a TNM-1 module, ASI 
autosampler and sparging needle (Shimadzu Corp.; Kyoto, Japan). Analysis of NPOC 
and TN analysis was conducted within 72 hours of sample collection. 
Base cations (Ca
2+
, Mg
2+
, K
+
, and Na
+
) and total aluminum (AlT) were determined 
on subsamples acidified with HNO3 using an inductively coupled plasma (ICP) – atomic 
emission spectrophotometer (AES) (Varian Liberty RL, Australia). Cations were 
measured within one month of the collection date. Detection limits (Table 2.2) were used 
to normalize all soil solution concentrations measured below the threshold level of 
confidence using the methods discussed in Chapter 2. 
The first set of ion exchange resin bags were installed in the field April 2010 and 
collected on October 2010. The second set of ion exchange resin bags were installed on 
October 2010 immediately after removal of the first set and were then removed 
immediately prior to the harvest event for each sampling site. Due to the variation in time 
of timber harvest between the sampling sites, resin bags from certain sites were removed 
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from the soil earlier than the others. Resin bags from the second collection period for 
sampling location "4L" (UAM, low nutrient status, Rep 2) were collected March 2011, 
while resin bags from the second collection period for sampling locations "4M" (UAM, 
medium nutrient status, Rep 2) and "5L" (EAM, low nutrient status, Rep 2) were 
collected June 2011. For all remaining sampling locations, the second set of resin bags 
were collected July 2011.  
Each bag was transported to the laboratory on ice and then stored at 4°C until 
extraction. Resin materials from each bag were combined with 0.41 L of 1 M KCl and 
then reacted on an end-to-end shaker for one hour (Susfalk and Johnson, 2002). Resin 
extracts were filtered through a vacuum filtration apparatus with 0.45 µm mixed cellulose 
ester membranes (Millipore Corp., Billerica, MA) and divided amongst acid-washed 
subsample bottles for storage. Approximately, 60 mL of sample was kept unacidified and 
60 mL were acidified with HNO3. All subsamples were stored at 4°C prior to analysis. 
Resin extracts were analyzed using methods previously described for analysis of soil 
solution samples. However, interference from the high salt concentrations in the resin 
extracts prevented the analysis of all anions, K
+
, NPOC, and TN. Nitrate (NO3
-
) was 
alternatively measured using the Quikchem Lachat colorimetric method 12-107-04-1-B 
(21August 2003 revision - Lachat Instruments; Hach Company, Loveland, CO) modified 
for a 1M KCl background matrix solution (15 March 2001 revision - Lachat Instruments; 
Hach Company, Loveland, CO). 
Soil samples were sent to the Missouri Soil Characterization Laboratory 
(Columbia, MO) and analyzed using methods detailed in Burt ( 2004). Standard pipette 
analysis was used to determine particle size.  Soil CEC and exchangeable cations (Ca
2+
, 
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Mg
2+
, K
+
 and Na
+
) were determined using 1 M ammonium acetate (CH3COONH4) and 
ammonium chloride (NH4Cl) extraction techniques. The BaCl2-triethanolamine released 
extractable acidity was determined and was added to the summation of exchangeable 
bases to calculate cation exchange capacity. Extractable Al was determined by analyzing 
1 M KCl extracts with an ICP-AES. Soil pH was measured in water (1:1 ratio of soil to 
water) and 0.01 M CaCl2 salt solution (1:2 ratio of soil to solution). Total organic carbon 
(TOC) and TN were determined using dry combustion methods. 
3.3.4   Data Analysis 
All experimental data was managed with Microsoft Excel 2007 as discussed in 
Chapter 2. Due to insufficient precipitation prior to many sampling events, there were 
numerous “missing” data points indicating an absence of solution in the zero-tension 
sampler bottles. As a result of this complexity in structure of the dataset generated by soil 
solution measurements from field sampling sites, a thorough statistical analysis was not 
performed. In order to make comparisons of solution data between soil nutrient status and 
sample depth, Microsoft Excel 2007 was used to calculate sample mean values ± 95% 
confidence intervals. Visual observations of this data plotted by sample collection date 
were used to characterize soil solution during the pre-harvest time period. For each soil 
solution analyte, the concentrations measured in the three replicate zero-tension samplers 
were combined to create a volume weighted mean (VWM) for each sample collection 
date: 
VWMa= (∑CaiVi)/( ∑Vi) 
where, Cai is the measured concentration of analyte a in sample i, and Vi is the volume of 
the collected soil solution for sample i (Goyne et al., 2000). Boxplot comparisons were 
 85 
  
developed to demonstrate differences between soil nutrient status and sample depth for 
volume weighted mean data (Figure 3.2). 
Figure 3.2. Example boxplot comparison displaying descriptive statistical information. 
 
Pearson correlation coefficients (Appendix E) were evaluated in order to 
determine relationships among soil solution analytes by sampler depth. As post-harvest 
measurements are included in the dataset in the future, customized contrast statements 
will be developed in SAS to further analyze soil solution differences. 
A spatially-repeated split-plot generalized linear mixed model was developed 
with the split occurring by soil nutrient status and depth to analyze solid phase soil 
samples collected from all soil pits (Appendix C.2). Prior to analysis, the Shapiro-Wilk 
test for normality determined whether there was sufficient evidence to reject the null 
hypothesis that the residuals were normally distributed for all response variables. PROC 
UNIVARIATE program in SAS was used to test for normal, lognormal, gamma, and 
exponential sample distributions for all dependent variables. Visual estimates of the best 
fit distributions were observed and a corresponding distribution was selected for each 
dependent variable. The gamma distribution with the log link function was selected for 
all dependent variables with the exception of extractable acidity, extractable Al, and % Al 
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saturation (distribution=lognormal, link function=identity). In SAS, Levene's test and 
boxplots were used to assess the homogeneity of variance assumption. Tukey-Kramer 
least squared differences from the LSMEANS statements were utilized to test for 
significant differences (α=0.05) in treatment means. 
Analyte concentrations from the three replicate IER extracts were averaged to 
create a single measurement per sampler depth. Average analyte concentration, sampler 
area, and time period sampled were then used to calculate overall analyte flux in units of 
mmol m
-2
 day
-1
. Extract concentrations were also adjusted for the volume of extract to 
calculate the total percentage of analyte loss for each collection time period. The average 
extract concentrations, total % analyte loss, and overall analyte flux values were analyzed 
with a spatially-repeated split-plot generalized linear mixed model developed in SAS 
(Appendix C.3). PROC UNIVARIATE, Levene's test, and boxplots were all used as 
described with analysis of soil characterization data. The gamma distribution with the log 
link function was selected for all dependent variables with the exception of Na
+
 flux, Al 
loss, and NO3
-
 loss (distribution=lognormal, link function=identity). Tukey-Kramer least 
squared differences from the LSMEANS statements were utilized to test for significant 
differences (α=0.05) in treatment means. 
3.4 Results and Discussion 
3.4.1   Soil Characteristics and Chemical Properties of Sampling Locations 
In order to test for pre-treatment artifacts or differences in soil chemical properties 
between sites associated with the MOFEP harvest designations, analysis of data included 
"trt" as an effect. This initial analysis of soil characterization data indicated no 
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significance for any dependent variables based on "trt" alone (Table 3.1). Thus, data was 
re-analyzed by removing the "trt" variable to test effects of soil nutrient status (sns) and 
sample depth. As an overall effect, the designated soil nutrient status groupings (low and 
medium) did not show any significance for any dependent variables. However, the 
interaction between nutrient status and sample depth demonstrated significant results for 
base saturation, exchangeable Ca
2+
 concentrations, ECEC, and extractable acidity as 
expected (Table 3.1). The medium nutrient status soils had a mean base saturation ± 95% 
confidence interval (CI) of 38 ± 13.2 % at the 30 - 40 cm depth; whereas, mean base 
saturation for the low nutrient status soils at the same depth was 16.3 ± 5.1 % (Table 3.2). 
Thus, average base saturation data of medium and low nutrient status soils met criteria 
initially established for separating the different soil classes (i.e., mean base saturation 
between 20-50% for medium soils and ≤ 20% for low soils) (Table 3.2). This data reveals 
that the a priori assignment of soil nutrient status used in this study for the selection of 
sampling locations was satisfactory. 
In the 20-30 cm and 30-40 cm depths, the medium nutrient status soils had 
significantly greater concentrations of exchangeable Ca
2+
 (Figure 3.3a). Exchangeable 
Mg
2+
 followed a similar but less significant trend for both soil groupings at the lower 
depths. In general, the cation exchange capacity was significantly higher in the 30-40 cm 
depth of the medium soils than the low soils, but was not significantly different between 
soils in the upper depths (Figure 3.3b). Mean extractable acidity concentration was 
greatest in the 0-10 cm depth (2.12 cmolc kg
-1
) for the medium and low soils. For both 
soil groupings, mean concentration of TOC was greatest in the 0-10 cm depth (1.89 g kg
-1
 
TOC) and TOC concentration decreased as sample depth increased. Mean concentration 
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of TN was also greatest in the 0-10 depth (0.12 g kg
-1
 TN) and followed a similar trend 
with depth for both soils.  
Effects of soil pH measured in 0.01 M CaCl2 soil slurry (pH salt), the activity of 
hydrogen ions calculated from salt soil pH, and exchangeable concentrations of K
+ 
showed no notable trends between soils or by depth. Additionally, neither the total 
percentage of Al saturation by weight or concentrations of extractable Al showed 
significance by soil nutrient status or depth. The base saturation, exchangeable Ca
2+
 and 
Mg
2+
 concentrations, and ECEC data reflects the presence of a lithologic discontinuity 
which was selected to differentiate the low and medium nutrient status soils. Soil texture 
differences also provided evidence for this discontinuity. Total percent clay content ± SE 
in the 30 - 40 cm depth for the low and medium soils was 13.3 ± 2.8 % and 32.4 ± 6.9 %, 
respectively. The residual parent materials underlying the pedisediment parent materials 
of the surface soils in the medium soils provide evidence for the differences in subsoil 
base saturation and soil texture between soil groupings. The presence of this lithologic 
discontinuity was expected to cause greater base cation concentrations in pedisediments 
overlying the residual parent material due to nutrient cycling in the system. However, 
solid phase soil chemical data does not support this postulate. Nutrients from subsoil 
horizons taken up by plant roots can potentially be returned to the soil via litterfall, root 
death, or leaching from the leaves or roots. However, forest soils in both tropical and 
temperate regions have been shown to have little nutrients stored in the mineral horizons, 
as the quick decomposition of soil organic matter leads to the greater overall percentage 
of nutrient retention occurring within biomass (Fisher et al., 2000; Fölster and Khanna, 
1997). 
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Table 3.2. Type 3 Tests of Fixed Effects, evaluating (a) pre-treatment effects of MOFEP harvest designations and (b) effects of soil 
nutrient status (sns) and sample depth on soil chemical properties. Tukey-Kramer adjusted p-values of soil properties and nutrient 
concentrations from split-plot generalized linear mixed model. 
Dependent variables include soil pH measured in 0.01 M CaCl2 soil slurry (pH salt), the activity of hydrogen ions calculated from soil 
pH salt, exchangeable concentrations of Ca
2+
, Mg
2+
, and K
+
, effective cation exchange capacity (ECEC), base saturation (Base sat), 
extractable acidity (EA), extractable aluminum (EAl), aluminum saturation (Al sat), total organic carbon (TOC), and total nitrogen 
(TN). 
  
% clay % silt % sand pH salt (H
+
) salt Ca
2+     
Mg
2+                   
K
+                   ECEC             
Base 
sat
EA  EAl Al sat TOC                  TN             
Source
trt 0.4849 0.3094 0.2064 0.4851 0.4442 0.9438 0.8179 0.0719 0.9682 0.5890 0.6823 0.6940 0.5824 0.6629 0.1693
sns 0.1135 0.3760 0.2599 0.5117 0.4616 0.1035 0.1584 0.4757 0.1462 0.1047 0.2947 0.7544 0.1312 0.9626 0.4473
trt*sns 0.2396 0.4496 0.5350 0.3618 0.4088 0.3482 0.2861 0.1860 0.4115 0.4514 0.7370 0.9398 0.8147 0.9867 0.9990
depth <0.0001 0.0688 0.0004 0.1534 0.1033 0.0052 0.0263 0.0858 0.0045 0.0724 <0.0001 0.2185 0.0815 <0.0001 <0.0001
depth*trt 0.3176 0.8395 0.4579 0.5946 0.6458 0.2359 0.8187 0.8947 0.5775 0.5700 0.4622 0.3330 0.9597 0.2982 0.2477
depth*sns 0.0563 0.1282 0.0555 0.1972 0.2468 0.0073 0.0637 0.1857 0.0047 0.1480 0.0307 0.0991 0.6175 0.1906 0.1763
% clay % silt % sand pH salt (H
+
) salt Ca
2+     
Mg
2+                   
K
+                   ECEC             
Base 
sat
EA  EAl Al sat TOC                  TN             
Source
sns 0.1344 0.5111 0.2770 0.6351 0.3375 0.1114 0.1918 0.8834 0.1481 0.1508 0.2791 0.7585 0.1576 0.9933 0.4816
depth <0.0001 0.0386 0.0002 0.1626 0.3867 0.0099 0.0188 0.0644 0.0054 0.0403 <0.0001 0.3305 0.1042 <0.0001 <0.0001
depth*sns 0.0585 0.1564 0.0329 0.1785 0.7856 0.0003 0.0790 0.1383 0.0038 0.0454 0.0238 0.1202 0.5809 0.1741 0.1693
Analyte
 --------------------------------------------------------------------- p-values ------------------------------------------------------------------- 
(a) Analysis of pre-harvest, artifact effects of MOFEP treatment designations ("trt" included)
(b) Analysis of pre-harvest soils by soil nutrient status and sample depth ("trt" removed)
 --------------------------------------------------------------------- p-values ------------------------------------------------------------------- 
Analyte
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Table 3.3.Average soil chemical properties for field sampling locations by soil nutrient status (sns) and sample depth. 
Soil properties include exchangeable concentrations of Ca
2+
, Mg
2+
, K
+
, effective cation exchange capacity (ECEC), total percentage of 
base saturation by weight, extractable acidity (EA), total percentage aluminum saturation (Al sat), soil pH measured in 0.01 M CaCl2 
soil slurry (pH salt), the activity of hydrogen ions calculated from pH salt, total organic carbon (TOC), and total nitrogen (TN). Error 
values represent the 95% confidence interval. 
 
SNS Depth Ca
2+
Mg
2+
K
+ ECEC Base sat EA Al sat pH salt (H
+
) salt TOC TN
cm % cmolc kg
-1 % % % 
Low 0 - 10 1.6 ± 1.2 0.5 ± 0.3 0.2 ± 0.1 9 ± 2.1 22.4 ± 12 9.3 ± 1.7 38.9 ± 18.2 4.4 ± 0.3
6.00E-05 ± 
2.20E-05
2.1 ± 0.8 0.133 ± 0.1
10 - 20 0.5 ± 0.5 0.4 ± 0.2 0.2 ± 0.1 5.3 ± 0.8 18.8 ± 10.2 5.4 ± 0.7 48.1 ± 20.5 4.4 ± 0.3
5.80E-05 ± 
2.40E-05
0.8 ± 0.1 0.043 ± 0
20 - 30 0.3 ± 0.1 0.3 ± 0.2 0.1 ± 0.1 5 ± 1 13 ± 5 4.7 ± 0.8 59.7 ± 14.9 4.2 ± 0.1
6.90E-05 ± 
1.40E-05
0.4 ± 0.1 0.021 ± 0
30 - 40 0.3 ± 0.1 0.5 ± 0.3 0.1 ± 0.1 5.3 ± 1.2 16.3 ± 5.1 4.7 ± 1 59 ± 9.9 4.1 ± 0.1
8.50E-05 ± 
2.00E-05
0.2 ± 0.1 0.013 ± 0
Medium 0 - 10 1.5 ± 0.7 0.6 ± 0.2 0.2 ± 0.1 8.4 ± 1.4 26.9 ± 7.6 8.2 ± 1.6 23.3 ± 14.7 4.4 ± 0.2
5.10E-05 ± 
1.90E-05
1.7 ± 0.3 0.11 ± 0
10 - 20 1.4 ± 1 1.1 ± 1 0.1 ± 0.1 8.1 ± 2.9 26.2 ± 11.4 6.8 ± 1.4 40.4 ± 17.7 4.3 ± 0.2
5.80E-05 ± 
1.80E-05
0.8 ± 0.2 0.048 ± 0
20 - 30 2.2 ± 2.1 2 ± 2 0.2 ± 0.1 10.4 ± 5.7 30.4 ± 12.1 7.1 ± 2.4 37 ± 16.9 4.3 ± 0.1
6.00E-05 ± 
2.20E-05
0.4 ± 0.1 0.027 ± 0
30 - 40 2.8 ± 2.5 2.7 ± 2.4 0.2 ± 0.1 11.7 ± 5.9 38 ± 13.2 7.7 ± 2.9 31.8 ± 16.3 4.3 ± 0.3
6.20E-05 ± 
2.50E-05
0.3 ± 0.1 0.02 ± 0
-- -- -- -- cmolc kg
-1 
-- -- -- --
Soil Property 
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Figure 3.3. Comparisons of mean soil chemical properties by soil nutrient status and 
sample depth. 
Comparisons for (a) exchangeable concentrations of calcium (Ca
2+
), (b) effective cation 
exchange capacity (ECEC), (c) total percentage of base saturation by weight, and (d) 
extractable acidity (EA). Significant differences between values are represented by the 
presence of different letters (a=0.05). Error bars represent one standard error. 
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3.4.2   Soil Solution Characteristics and Chemical Properties 
Analyte concentration data generated from soil solution measurements has 
provided a characterization of soil solution chemistry prior to the harvest of MOFEP 
sites. Despite equivalent throughfall inputs, low nutrient status soils had significantly 
greater concentrations of Ca
2+
 and Mg
2+
 in solution than medium soils at the 15 cm depth 
for a 3 month period beginning in March 2011 (Figure 3.4a,b). This result is unexpected, 
as concentrations of exchangeable Ca
2+
 and Mg
2+
 were both greater for the medium 
nutrient status soils at the 10-20 cm depth in the solid phase soil characterization data 
(Table 3.2). This result could reflect a disproportionate uptake of base cations by the 
vegetative communities associated with the contrasting nutrient status soils. As observed 
in forestry data collected from the MOFEP sampling sites (Appendix A), mean basal area 
is slightly greater surrounding sampling sites with medium nutrient status soils which 
may provide evidence for the disparity in vegetative communities on the low and medium 
nutrient soils. The median VWM concentrations for Ca
2+
 and Mg
2+
 were typically greater 
in the 15 and 40 cm depths compared to throughfall samples (Figure 3.5a,b). This result 
suggests the decomposition of litter materials and release of nutrients from the forest 
floor along with desorption of cations from soil surfaces contribute most significantly to 
base cation concentrations in soil solution. Though solution concentrations of Ca
2+
 were 
relatively greater than Mg
2+
 in this study, the reduced rates of Mg
2+
 cycling and plant 
uptake observed in other temperate forest studies may provide evidence for the increased 
vulnerability of Mg
2+
 to leaching losses (Johnson et al., 2008). 
Mean concentrations of K
+
 did not differ significantly between soil groupings or 
sample depth (Figure 3.4c). Furthermore, no trends between soils were observed for  
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Figure 3.4. Plots of soil solution base cation and aluminum data over the sampling period by sampler depth and soil nutrient status. 
Mean soil solution analyte concentrations include (a) calcium (Ca
2+
), (b) magnesium (Mg
2+
), (c) potassium (K
+
), (d) sodium (Na
+
), 
and (d) total aluminum (AlT). Samplers are identified by soil nutrient status: Low or Medium ; TF (throughfall solution), 15 cm and 40 
cm (solution captured by zero tension samplers at 15 cm and 40 cm depths, respectively). Error bars indicate the 95% confidence 
interval. 
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Figure 3.5. Boxplot comparisons of volume weighted mean analyte concentrations for 
base cations and aluminum by sampler depth and soil nutrient status. 
Comparisons for (a) calcium (Ca
2+
), (b) magnesium (Mg
2+
), (c) potassium (K
+
), (d) 
sodium (Na
+
), and (e) total aluminum (AlT). N is the total number of samples collected. 
Samplers are identified by soil nutrient status: Low or Medium ; TF – throughfall 
solution; ZTS15 and ZTS 40 – solution captured by zero tension samplers at 15 and 40cm 
depths. 
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mean concentrations of Na
+
 or AlT. The median VWM concentrations for Na
+
 increased 
with depth for the low nutrient status soils and were greatest at the 15 cm depth for 
medium nutrient status soils. Minimal inputs of Na
+
 observed in the throughfall samples 
indicate the accumulation of soluble Na
+
 in the lower depths to be a result of the 
interaction of soil solution with the forest floor litter layer and soil surfaces.  
Minimal throughfall inputs of AlT also indicate the influence of the mineral soil on AlT 
concentrations in soil solution (Figure 3.5). 
Soil solution pH followed a similar trend for the medium and low nutrient status 
soils throughout the pre-harvest sampling period (Figure 3.6a). Although in Aug 2011, 
pH was significantly greater in the 15 depth in the low versus the medium soils. Seasonal 
trends were observed for the throughfall samples and soil solution samples, as solution 
pH decreased in the winter to spring of 2011 from January to April and then increased 
slightly from April to May. Despite the acidic nature of these forest soils, some buffering 
of soil solution does appear to occur as a function of depth in the soil profile. The median 
of VWM pH values are most acidic in the throughfall samples and values increase at the 
15 and 40 cm depth samplers for both soils (Figure 3.7a).  
Visual observations of hydrogen ion activity and EC plots do not indicate any 
significant trends for soil nutrient status or sample depth. A seasonal increase in (H
+
) 
concentration for all sample depths was observed in the winter-spring 2011 sampling 
months, followed by a decrease in the subsequent months of April and May. This 
observation mirrors the seasonal trends observed in solution pH measurements. A 
significant decrease in EC in the throughfall was observed from Feb to April 2011.  
  
101 
 
Sulfate and PO4
3-
 anion data followed similar trends for the low and medium 
soils; however, concentrations of SO4
2- 
increased significantly with sample depth. At the 
15 cm depth, median VWM concentrations of SO4
2-
 for the low and medium soils were 
25.3 µmol L
-1
 and 33.1 µmol L
-1
 respectively (Figure 3.7d). Median SO4
2- 
VWM 
concentrations were greatest at the 40 cm depth for both soil groupings (44.75 µmol L
-1
).  
This finding may indicate increased rates of soil organic S mineralization or 
weathering of soil mineral S in the subsoil (Fisher et al., 2000). However, few S bearing 
minerals are suspected to be present in MOFEP soils. Thus, this finding is more likely a 
lack of SO4
2-
 sorption due to repulsion from the soil surface. Kaiser et al. (1996) 
demonstrated the restriction of SO4
2-
 sorption in acid forest soils due to the competition 
of DOC for binding sites. It is possible that the increases DOC concentrations in the 15 
cm depth (Figure 3.9e) may be restricting the sorption of SO4
2-
. As the soil profile 
absorbs the water and desorbs the SO4
2-
 anion, the concentration of SO4
2-
 appears to 
increase with sample depth. Different soils may vary in the optimal soil pH range that is 
needed for favorable sorption of SO4
2-
 (Harrison, 1991).   
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Figure 3.6. Plots of soil solution pH, hydrogen ion activity, EC, and anion data over sampling period by sampler depth and soil 
nutrient status. 
Mean soil solution properties and analyte concentrations include(a) pH, (b) hydrogen ion activity (H
+
), (c) electrical conductivity 
(EC), (d) sulfate (SO4
2-
),(e) and phosphate (PO4
3-
).Samplers are identified by soil nutrient status: Low or Medium ; TF (throughfall 
solution), 15 cm and 40 cm (solution captured by zero tension samplers at 15 cm and 40 cm depths, respectively). Error bars indicate 
the 95% confidence interval. 
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Figure 3.7. Boxplot comparisons of volume weighted mean analyte concentrations for 
pH, hydrogen ion activity, EC, and anions by sampler depth and soil nutrient status. 
Comparisons for soil solution (a) pH, (b) hydrogen ion activity (H
+
), (c) electrical 
conductivity (EC), (d) sulfate (SO4
2-
), and (e) phosphate (PO4
3-
). N is the total number of 
samples collected. Samplers are identified by soil nutrient status: Low or Medium ; TF – 
throughfall sampler; ZTS15 – zero tension sampler at 15 cm depth; and ZTS40 – zero 
tension sampler at 40 cm depth. 
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As expected, measured concentrations of NO2
-
 were typically < 10 µmol L
-1
 and 
showed no significant trends between soils or with sample depth (Figure 3.8a). This is 
consistent with the rapid transformation of NO2
-
 into NO3
-
 occurring in forest soils as a 
result of the natural nitrification process (Essington, 2004). Mean concentrations of NO3
-
were typically greatest in throughfall samples compared to the 15 and 40 cm depths 
(Figure 3.8b). Samples collected from August 2011 indicate that NO3
-
 concentrations 
were significantly greater in the low compared to medium nutrient status soils at the 15 
cm depth. This finding may indicate the occasional greater uptake of NO3
-
 on medium 
nutrient status soils due to increased plant uptake. No significant trends in NH4
+
 could be 
observed between soils or sample depth, although median VWM NH4
+
 concentrations 
were on average greatest in throughfall samples (Figure 3.9c). 
Total N followed similar seasonal trends with the other measured N species, with 
a notable spike in mean TN throughfall concentration occurring in Feb 2011. Mean TN 
was significantly greater in low nutrient status soils in March 2011 (Figure 3.8d). This is 
a possible indication of a greater density in vegetation on medium nutrient status soils 
due to a greater utilization of N by the plant roots. The overall decrease in soil solution 
TN with increasing soil depth can be observed in VWM plot for TN (Figure 3.9d). This 
trend in soil solution TN mirrors the trend in soil extractable TN data previously collected 
at MOFEP by Albers (2010) as determined from soil sample TN extractions. Little 
variation in NPOC was observed between soils; however, mean NPOC concentrations 
were significantly greater in low nutrient status soils for a short period of time from Nov 
2011 to Jan 2012 for the 15 cm sample depth (Figure 3.8e). Median VWM concentrations 
of NPOC were greatest in the 15 cm depth for both soil groups (Figure 3.9e). This finding  
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Figure 3.8. Plots of soil solution nitrogen and carbon data over sampling period by sampler depth and soil nutrient status. 
Mean soil solution concentrations include (a) nitrite (NO2
-
), (b) nitrate (NO3
-
), (c) ammonium (NH4
+
), (d) total nitrogen (TN), and (e) 
dissolved organic carbon (NPOC).Samplers are identified by soil nutrient status: Low or Medium ; TF (throughfall solution), 15 cm 
and 40 cm (solution captured by zero tension samplers at 15 cm and 40 cm depths, respectively). Error bars indicate the 95% 
confidence interval. 
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Figure 3.9. Boxplot comparisons of volume weighted mean (VWM) analyte 
concentrations for nitrogen and carbon by sampler depth and soil nutrient status. 
Comparisons shown are (a) nitrite (NO2
-
), (b) nitrate (NO3
-
), (c) ammonium (NH4
+
), (d) 
total nitrogen (TN), and (e) dissolved organic carbon (NPOC). N is the total number of 
samples collected. Samplers are identified by soil nutrient status: Low or Medium ; TF – 
throughfall sampler; ZTS15 – zero tension sampler at 15 cm depth; and ZTS40 – zero 
tension sampler at 40 cm depth. 
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demonstrates the influence of organic C in the forest floor on soil solution concentrations 
of NPOC. Further investigation of soil properties following harvest may further 
illuminate statistically significant correlations between forest harvest and soil nutrient 
status. 
3.4.3   Ion Exchange Resin Sampler Data 
Analysis of ion exchange resin (IER) flux data determined that soil nutrient status 
was not a significant effect first collection period (April to October 2010) or the second 
collection period (October 2010 to July 2011) for all analytes (Table 3.3).The pre-harvest 
treatment designations for the 2011 MOFEP harvest re-entry period were determined to 
be a significant effect for all analytes from April to October 2010. This experimental 
artifact most likely reflects the highly variable nature of Ozark Highland soils. Mean AlT 
flux from sites designated to be non-harvested controls was significantly greater than 
sites designated to be treated with STS harvest. No statistical difference was determined 
between STS and NHM sites and those designated to be treated with CC. This unusual 
trend during the first collection period was also observed for Ca
2+ 
flux, Mg
2+ 
flux, and 
NO3
- 
flux. Additionally, mean Na
+ 
flux from CC sites was significantly less than STS and 
NHM sites. As the primary objective of this research was to compare nutrient flux values 
from different sample depths and between contrasting nutrient status soils, data was 
averaged over the pre-harvest treatment designations for data displayed in Table 3.5. 
Significant findings resulting from these pre-harvest designations will be considered for 
future post-harvest research when observing significant changes in nutrient flux as a 
result of the harvest treatments.  
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Table 3.4. Type 3 Tests of Fixed Effects evaluating ion exchange resin flux data from (a) 
April to October 2010 and (b) October to July 2011 by pre-treatment MOFEP harvest 
designation (trt), soil nutrient status (sns), and sampler depth. Tukey-Kramer adjusted p-
values of nutrient concentrations from split-plot generalized linear mixed model. 
Dependent variables include total aluminum (AlT), calcium (Ca
2+
), magnesium (Mg
2+
), 
sodium (Na
+
), and nitrate (NO3
-
). 
 
 
(a) Analysis of IER flux data from April to Oct. 2010
AlT       Ca
2+    
Mg
2+   
Na
+     NO3
-    
Source
trt 0.0128 0.0161 0.0324 0.0119 <0.0001
sns 0.8521 0.2919 0.2701 0.8713 0.8117
trt*sns 0.8266 0.6749 0.6227 0.9390 0.6694
depth 0.0600 0.4779 0.7473 0.1047 0.0476
depth*trt 0.8532 0.1473 0.1294 0.0215 0.1452
depth*sns 0.3960 0.0407 0.0532 0.0237 0.1017
(b) Analysis of IER flux data from Oct. to July 2011
AlT       Ca
2+    
Mg
2+   
Na
+     NO3
-    
Source
trt 0.0624 0.9124 0.9171 0.2354 0.0050
sns 0.4180 0.8734 0.9159 0.4447 0.2383
trt*sns 0.1089 0.1318 0.1431 0.1710 0.9859
depth 0.0228 0.7408 0.8208 0.3869 0.0024
depth*trt 0.0241 0.3799 0.4568 0.3843 0.5606
depth*sns 0.3310 0.2285 0.3362 0.7974 0.1379
 ------------------------- p-values -----------------------
 ------------------------- p-values -----------------------
Analyte
Analyte
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Table 3.5. Ion exchange resin nutrient flux data (µmol m
-2
 day
-1
) by soil nutrient status 
(SNS) and sample depth for (a) April to Oct 2012, (b) Oct to July 2011, and (c) 
cumulative pre-harvest collection period. 
Nutrient flux data include total aluminum (AlT), calcium (Ca
2+
), magnesium (Mg
2+
), 
sodium (Na
+
), and nitrate (NO3
-
).Error values indicate the 95% confidence interval. 
 
 
  
(a) Mean flux data from April to Oct 2010
AlT  Ca
2+ 
Mg
2+ 
Na
+ 
NO3
-  
Low 15 3.3 ± 1.8 35 ± 8.5 35.2 ± 8.3 88.2 ± 22 9.2 ± 11.7
40 1.8 ± 1.1 23.3 ± 6.8 24.5 ± 7.8 57.5 ± 23.9 19.2 ± 18.9
Medium 15 2.9 ± 1.4 43.9 ± 18.1 50.7 ± 24.3 57.5 ± 8 7.9 ± 6.5
40 2.8 ± 2.1 84.1 ± 94.9 117.8 ± 150 71.3 ± 27.1 20.7 ± 24.7
(b) Mean flux data from Oct to July 2011
Low 15 7.5 ± 7.2 32 ± 12.3 37.8 ± 14.4 103.2 ± 35.1 5.4 ± 3.2
40 7 ± 9.8 52.2 ± 52.7 69.1 ± 71 107.4 ± 67.5 15.8 ± 10.2
Medium 15 4.8 ± 4.4 41.5 ± 19.3 48 ± 22.3 67.8 ± 17.8 11.3 ± 5.3
40 1.7 ± 1.4 29.5 ± 15.1 42.5 ± 23.3 71.9 ± 43.5 20.5 ± 19.4
(c) Mean flux data from entire pre-harvest collection period
Low 15 5.4 ± 4.5 33.5 ± 9.1 36.5 ± 9.5 95.7 ± 26.6 7.3 ± 7.2
40 4.4 ± 5 37.8 ± 25.3 46.8 ± 34.1 82.5 ± 30.9 17.5 ± 13.7
Medium 15 3.9 ± 2.7 42.7 ± 17 49.3 ± 23.1 62.7 ± 8.8 9.6 ± 5.8
40 2.8 ± 2.2 81.2 ± 95.7 118.2 ± 150.2 73.8 ± 31.4 21.1 ± 20.6
SNS
Depth   ------------------------------- (µmol m-2 day-1)  -------------------------------
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From April to October 2010, mean Ca
2+
 flux ± 95% confidence interval for the 40 
cm depth of the low nutrient status soils was 23.3 ± 6.8 (µmol m
-2 
day
-1
) which was 
significantly less (p=0.0432) than mean Ca
2+ 
flux for the 40 cm depth of the medium 
nutrient status soils (84.1 ± 94.9 µmol m
-2 
day
-1
) (Table 3.5). This finding demonstrates 
the influence of the underlying residual parent materials of the medium nutrient status 
soils on soil solution chemistry. This interaction of soil nutrient status and depth was also 
observed in mean Mg
2+ 
flux data from the first collection period , but was only significant 
at the 90% level slightly (p=0.0532). From April to October 2010, mean Na
+ 
flux was 
determined to be significantly greater at the 15 cm depth of the low nutrient status soils 
that at the 40 cm depth (p=0.008). This trend of greater Na
2+ 
flux in the 15 cm depth of 
the low soils can be observed for both collection periods in Table 3.5, though the average 
change in concentration is relatively insignificant. On average, NO3
- 
flux was 
significantly greater at the 40 cm depth for both soils for the first collection period (Table 
3.5). 
The second set of ion exchange resin bags collected nutrients from October 2010 
to July 2011. For data from this second collection period, values for medium nutrient 
status soils in NHM sites represent an average of only two replicates due to a loss of 
subsamples from flooding in one of the soil pits. The pre-harvest MOFEP treatment 
designations were determined to be a significant effect for NO3
- 
flux from October 2010 
to July 2011 (Table 3.3). Mean NO3
- 
flux from sites designated to be NHM was also 
significantly greater than sites designated to be treated with STS harvest for this time 
period. No statistical difference was determined between NHM and STS sites and those 
designated to be treated with CC.  This experimental artifact reflects the highly variable 
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nature of Ozark Highland soils in the experimental region. NO3
- 
flux values from this 
study appear to be relatively greater than studies from other regions. Susfalk and Johnson 
(2002) reported NO3
- 
flux values of 0.71 and 0.31 µmol m
-2
 day
-1
 for the 15 cm depth of a 
sandy forest soil in a mixed conifer forest located in the Lake Tahoe basin in Nevada. 
Soils from the Sierra Nevada region may have characteristically reduced rates of NO3
-
flux but differences in IER construction and collection time of resin samplers may make 
regional comparisons difficult.  
From October 2010 to July 2011, mean AlT flux was significantly greater at the 15 
cm sample depth compared to the 40 cm depth for all sites (Table 3.5). No statistical 
significance was determined for any variable for Ca
2+ 
flux, Mg
2+ 
flux, or Na
+ 
flux from 
this second collection period. Mean NO3
- 
flux ± SE at the 15 cm depth was 7.0 ± 1.4 
(µmol m
-2 
day
-1
) which was significantly less than at the 40 cm depth; 14.7 ± 3.02 (µmol 
m
-2 
day
-1
).  
For both collection periods, NO3
- 
flux values were found to be significantly 
greater in the lower sampler depths. This finding contradicts the VWM NO3
-
 data 
collected simultaneously at these sites with zero-tension samplers (Figure 3.9b) where the 
median VWM NO3
-
 values were greater at the 15 cm depth for both soils. It is 
hypothesized that this discrepancy may reflect a common limitation of IER samplers in 
field research studies. The increased concentrations of NO3
-
 in the 40 cm depth samples 
may reflect the influence of un-observed flooding events that may have potentially 
inundated the lower resin samplers with flood waters. Samples were removed when this 
phenomenon was visually observed following rainfall events, but it is possible that this 
may have occurred immediately following greater volume precipitation events for a brief 
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amount of time. This experimental artifact illuminates an advantage of the ZTS over the 
IER samplers, as a flooded ZTS sample could be discarded without influencing preceding 
or subsequent soil solution samples. When an IER sampler is inundated with flood 
waters, the flux value for the entire collection period is irreversibly jeopardized. In order 
to prevent this occurrence, drainage pipes were installed in soil pits with high subsoil clay 
content that may have prevented drainage of pit water. However, severe rainfall events 
leading to large volumes of lateral movement of soil solution from upper landscape 
positions into the soil pit may have temporarily surpassed the ability of the pit to drain 
freely. Correlations between IER and ZTS data are difficult considering the limited 
number of laboratory analyses offered by the IER samplers. Murphy et al. (2006) noted 
this limitation of similar IER samplers included an inability to estimate SO4
2-
 flux due to 
high background values. 
3.5 Conclusions 
Analyte concentration data generated from soil solution measurements has 
provided a characterization of soil solution chemistry prior to the harvest of MOFEP 
sites. Field data from the pre-harvest sampling period demonstrate seasonal fluctuations 
in pH, base cation, NPOC, and TN concentrations for low and medium nutrient status 
soils, though few significance differences in soil solution chemistry were observed 
between the two nutrient status soils. The lack of significant variation in soil solution 
chemistry between the low and medium nutrient status soils may be indicative of the 
placement of the soil solution samplers in proximity to the lithologic discontinuity. Soil 
above the lowest sampler depth was typically pedisediments with comparable soil 
chemical data between the low and medium nutrient status soils. It was previously 
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hypothesized that nutrient uptake and plant cycling would cycle nutrients from lower 
depth to higher in the soil profile. Solid phase soil characterization data from the 0-10 cm 
and 10-20 cm depth and soil solution chemistry data indicate that this cycling of nutrients 
may not be as occurring as dramatically as previously hypothesized. Despite the acidic 
nature of these forest soils, some buffering of soil solution does appear to occur as 
solution pH becomes more neutral as a function of depth in the soil profile. Median SO4
2-
VWM concentrations were greatest at the 40 cm depth for both soils which may suggest 
the lack of SO4
2-
 sorption due to desorption from the soil surface. Base cations, DOC and 
TN in soil solution were occasionally greater in low nutrient status soils compared to 
medium nutrient status soils which may demonstrate the greater utilization of nutrients by 
the vegetation communities on medium nutrient status soils. Total organic C and TN 
concentrations in the mineral soil were greatest in the 0-10 cm depth for both soils and 
decreased as sample depth increased. Dissolved organic carbon concentrations in solution 
followed a similar trend. The contrasting soils showed little to no significant differences 
in nutrient flux as observed with the IER samplers. However, cumulative Ca
2+
 flux was 
significantly greater at the 40 cm depth of the medium nutrient status soils compared to 
that of the low nutrient status soils. The restrictive nature of resin analysis and suspected 
flooding of IER samplers at lower depths limits the correlation of these samplers with soil 
solution data from ZTS. Further research investigating post-harvest soil solution 
chemistry and nutrient flux will improve our understanding of nutrient cycling in the 
Ozark Highland soils of the Missouri Ozarks. 
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CHAPTER 4: CONCLUSIONS 
4.1 Summary 
The overall objectives of this study were to simulate the effect of temperature 
changes that occur following timber harvest on the chemical properties of soils with 
differing nutrient status and to investigate differences in soil solution chemistry in soils 
with low and medium nutrient status. To complete the first objective, an ex situ 
laboratory experiment with high, medium, and low nutrient status soils from MOFEP 
were packed into columns and leached weekly with synthetic precipitation over the 
course of three months. The columns were incubated at three different incubation 
temperatures, 21, 23, and 26 °C to investigate temperature effects on soil solid phase 
properties and column leachates. To complete the second objective, soil solution 
chemistry and nutrient flux were measured in situ with zero tension samplers and ion 
exchange resin samplers in low and medium nutrient status soils found within the 
Missouri Ozark Forest Ecosystem Project (MOFEP). 
Three common soils present at MOFEP were selected for study in the soil column 
study, and each soil represents a class of relative nutrient status as indicated by subsoil 
percent base saturation (BS): low, ≤ 20 % BS; medium, 20 – 50 % BS; and high, ≥ 50 % 
BS.  Field replicated sampling sites were identified in non-harvested stands based on 
available soil characterization data. Soil samples were collected from the 0 - 10 cm depth, 
air-dried, and passed through a 2-mm sieve. Soils were repacked into 7.5 cm (diameter) x 
10 cm (length) columns at a soil bulk density of 1.1 g cm
-3
.  Columns incubating in 
constant temperature rooms were leached weekly with synthetic precipitation over the 
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course of three months. Column leachates were analyzed for pH and electrical 
conductivity, and concentrations of cations (K
+
, Na
+
, NH4
+
, Ca
2+
, Mg
2+
, and total 
aluminum), anions (Cl
-
, NO3
-
, SO4
2-
, PO4
3-
), NPOC, and total nitrogen. 
Overall, the effect of incubation temperature was not significant for all bulk soil 
chemical properties and most leachate analytes which challenges the originally 
hypothesized significance of soil temperature's influence on nutrient leaching. 
Temperature demonstrated the most pronounced effects for certain N species and soil 
microbial activity. Leachate NH4
+
concentration in columns incubated at 23°C was 
significantly greater than columns incubated at 26°C.Additionally, mean β-glucosidase 
activity was greatest in soils incubating at 21°C and was determined to be significantly 
greater than the activity in the soils incubating at 26°C. 
In order to characterize soil solution in the field, soil solution chemistry and 
nutrient flux was monitored at MOFEP in low and medium nutrient status soils managed 
using three regeneration methods; CC, STS, and no-harvest management (NHM). 
Throughfall and soil solution samples collected with zero-tension solution samplers (15 
and 40 cm depths) were analyzed for pH and electrical conductivity, and concentrations 
of cations (K
+
, Na
+
, NH4
+
, Ca
2+
, Mg
2+
, and total aluminum), anions (Cl
-
, NO3
-
, SO4
2-
, 
PO4
3-
), NPOC, and total N. Cumulative ion flux through the system was captured using 
ion exchange resin samplers (15 and 40 cm depths). 
Analyte concentration data generated from soil solution measurements has 
provided a characterization of soil solution chemistry prior to the harvest of MOFEP 
sites. Field data from the pre-harvest sampling period demonstrate seasonal fluctuations 
in pH, base cation, NPOC, and TN concentrations for both soils, though few significant 
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differences in soil solution chemistry were observed between the low and medium 
nutrient status soils. The lack of significant variation in soil solution chemistry between 
the low and medium nutrient status soils may be indicative of the placement of the soil 
solution samplers in proximity to the lithologic discontinuity. Soil materials above the 
lowest sampler depth were typically pedisediments with comparable soil chemical data 
between the low and medium nutrient status soils. As previously hypothesized, nutrient 
cycling from the lower depths was expected to cycle nutrients higher in the soil profile. 
Despite the acidic nature of these forest soils, some buffering of soil solution does appear 
to occur as solution pH becomes more neutral as a function of depth in the soil profile. 
Median SO4
2-
 VWM concentrations were greatest at the 40 cm depth for both soils which 
may suggest the lack of SO4
2-
 sorption due to repulsion from the soil surface. Base 
cations, NPOC and TN in soil solution were occasionally greater in low nutrient status 
soils compared to medium nutrient status soils which may demonstrate the greater 
utilization of nutrients by the vegetation communities on medium nutrient status soils. 
The contrasting soils showed little to no significant differences in nutrient flux as 
observed with the IER samplers. However, cumulative Ca
2+
 flux was significantly greater 
at the 40 cm depth of the medium nutrient status soils compared to that of the low 
nutrient status soils. The restrictive nature of resin analysis and suspected flooding of IER 
samplers at lower depths limits the correlation of these samplers with soil solution data 
from ZTS. Study results will aid in the better understanding of timber harvest effects on 
changes in nutrient cycling and will aid in the development of forest management 
policies that ensure sustainable use of Missouri Ozark forests. 
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4.2 Future Research 
Further research investigating post-harvest soil solution chemistry and nutrient 
flux will improve our understanding of nutrient cycling in the Ozark Highland soils of the 
Missouri Ozarks. First, the sampling conducted represents ~1.5 years or soil solution 
measurements from the pre-harvest sampling period. Though soil solution chemistry in 
the contrasting soils followed a relatively consistent trend, more drastic differences 
between the low and medium nutrient status soils may occur following timber harvest. 
The replication of this study for subsequent years following harvest treatments of the 
MOFEP sites will confirm this presumption. Figure 4.1 demonstrates the response of 
solution Ca
2+
 immediately following a clearcut harvest event for one sampling site.  
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Figure 4.1. Calcium concentrations collected from a medium nutrient status soil in a 
stand treated to CC. Samplers are identified by throughfall solution (TF), and solution 
captured by zero tension samplers (ZTS) at15 and 40 cm. 
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Future research examining soil solution chemistry immediately following harvest 
events will demonstrate differences between CC and STS regeneration methods on soil 
solution chemistry and nutrient flux. Selection of sampling locations within the MOFEP 
control sites as paired sites to treated sampling locations proved to be sufficient for the 
purposes of this research, however; future studies requiring more precise characterization 
of nutrient cycling rates may benefit from additional methods of control site selection. 
Alternative sampling methodologies and increased replications of sampling sites would 
aid in determining changes in nutrient cycling occurring in the highly variable Ozark 
Highland soils. Given the highly significant treatment effects observed in IER data, future 
research could employ a paired sampling approach to place paired control samplers in 
closer proximity to treated sites. Though practical limitation prevented utilization of this 
technique on MOFEP sites, the use of this strategy in future studies in northern hardwood 
forests may minimize the variability observed between non-harvested control samples 
and treated sites.  
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APPENDIX 
A. Descriptive Forestry Data of Pre-Treatment Sampling Sites by Soil 
Nutrient Status (SNS) and Pre-treatment MOFEP Harvest Designation (trt). 
 
 
Leaf 
litter
Bare 
ground Other
NHM 22.68 ± 1.72 92.2 ± 3.88 1.03 ± 0.36 76 ± 14 3 ± 4 21 ± 10
UAM 25.89 ± 4.15 91.42 ± 4.26 0.92 ± 0.27 68 ± 12 10 ± 12 23 ± 10
EAM 20.71 ± 2.1 94.80 ± 2.81 0.66 ± 0.26 76 ± 7 7 ± 6 17 ± 1
NHM 25.00 ± 4.04 94.97 ± 0.6 0.69 ± 0.27 70 ± 13 3 ± 1 28 ± 15
UAM 27.42 ± 2.4 93.67 ± 0.98 1.24 ± 0.62 76 ± 12 4 ± 4 20 ± 8
EAM  27.11 ± 1.97 93.59 ± 4.36 0.81 ± 0.31 80 ± 3 7 ± 9 13 ± 8
Low
Medium
trtSNS
Ground coverage (%)
Litter & duff 
depth (cm)
Canopy 
density (%)
Basal area 
(m
2 
ha
-1
)
  
 
1
3
3
 
B. Qualitative Soil Pit and Sampling Site Descriptions
 
Soil pit ID = 1L Slope = 25%
MOFEP soil mapping unit = 80F 191° S Latitude Longitude
Soil nutrient status grouping= low N 37.17078° W -91.13048°
Designated MOFEP harvest treatment = NHM
Harvest date for 2011 re-entry period = n.a.
#
Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 3-0 A/S - - - - - - - - - - - - -
2 - A - - 16 C/S 70% VGR loam 12 10YR 3 3 2 VF/F Gr M:F M:F/M:M - -
3 - E - - 33 C/S 30% GR loam 15 10YR 5 3 2 F/M SBK C:M M:VF:V/F:F:T - -
4 - B w 1 52 C/S 25% GR loam 20 10YR 5 4 3 F/M SBK M:F/F:VC M:F:V - -
5 - B w 2 72 C/S 50% GR loam 18 10YR 4 6 1 VF SBK F:F F:F:T/F:F:V - -
6 - B t - 100+ - 40% GR  33 5YR 4 6 2 VF SBK F:F F:F:T - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
Aspect =
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Soil FeaturesHorizonation Boundary Texture Color Structure
  
 
1
3
4
 
 
Soil pit ID = 1M Slope = 26%
MOFEP soil mapping unit = 82F 192°SW Latitude Longitude
Soil nutrient status grouping= medium N 37.18060° W -91.13132°
Designated MOFEP harvest treatment = NHM
Harvest date for 2011 re-entry period = n.a.
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 2-0 C/S - - - - - - - - - - - - -
2 - A - - 22 C/S 55% VGR silt loam 15 10YR 3 2 2 VF/F Gr M:F/C:C M:F:V/M:F:T - -
3 - E - - 30 C/S 25% GR silt loam 26 10YR 5 4 2 F/M SBK
M:F/F:C/  
F:VC
M:F:V/C:F:T - -
4 - B t 1 67 C/S
20% CB 
30% GR
silty clay 
loam
37 7.5YR 4 4 2 VF/M SBK F:C/C:F F:F:V/F:F:T - -
5 2 B t 2 87 C/W 45% GR clay 45 7.5YR 4 4 2 F/M ABK F:F F:F:V/F:F:T - -
6 2 B t 3 100+ - 15% GR clay 65 2.5YR 4 6 3 F/M ABK F:M F:F:V/F:F:T - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
3
5
 
 
Soil pit ID = 2L Slope = 29%
MOFEP soil mapping unit = 80F 61°NE Latitude Longitude
Soil nutrient status grouping= low N 37.15792° W -91.15308°
Designated MOFEP harvest treatment = UAM
Harvest date for 2011 re-entry period = 7/14/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 2-0 C/S - - - - - - - - - - - - -
2 - A - - 13 C/S 30% GR silt loam 9 10YR 3 2 3 VF/F Gr M:F/C:C M:F:V/M:F:T - -
3 - E - - 31 C/S 15% GR silt loam 11 10YR 4 3 1 F SBK C:F/F:C C:F:V/C:F:T/F:C:T - -
4 - B w - 57 G/S 15% GR silt loam 11 10YR 4 6 2 F/M SBK C:F/F:C C:F:V/C:F:T/F:C:T - -
5 - B t 1 73 C/S 20% GR silt loam 22 10YR 4 4 3 F/M SBK F:F/F:C F:F:T/F:F:V - -
6 - B t 2 90+ - 30% GR silt loam 25 10YR 4 6 2 F/M SBK F:F F:F:T/F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
3
6
 
 
Soil pit ID = 2M Slope = 27%
MOFEP soil mapping unit = 82F 103°E Latitude Longitude
Soil nutrient status grouping= medium N 37.15767° W -91.15226°
Designated MOFEP harvest treatment = UAM
Harvest date for 2011 re-entry period = 7/9/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 3-0 C/S - - - - - - - - - - - - -
2 - A - - 9 C/S 25% GR silt loam 11 10YR 3 2 2 VF/F Gr M:F/C:C M:F:T/M:F:V - -
3 - E - - 20 C/S 12% GR silt loam 12 10YR 5 3 1 F/M SBK C:C/C:F
C:F:V/C:F:T/  
M:F:V
- -
4 - B t 1 43 G/S 11% GR silt loam 15 10YR 4 3 2 F/M SBK F:C/F:F F:C:T/F:F:V - -
5 - B t 2 64 C/W 15% GR silt loam 20 7.5YR 4 4 2 F/M SBK F:C/F:F F:C:T/F:F:V - -
6 2 B t 3 90+ - 15% GR
silty clay 
loam
28 7.5YR 4 6 2 F/M ABK F:F F:F:V/F:F:T - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
3
7
 
 
Soil pit ID = 3L Slope = 26%
MOFEP soil mapping unit = 80F 98°E Latitude Longitude
Soil nutrient status grouping= low N 37.13620° W -91.09216°
Designated MOFEP harvest treatment = EAM
Harvest date for 2011 re-entry period = 10/7/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - A - - 9 C/S 8% GR silt loam 10 10YR 3 2 2 VF/F Gr M:F/M:C
M:F:V/M:F:T/  
C:M:V/C:M:T
- -
3 - E - - 28 C/S 9% GR silt loam 12 10YR 4 3 1 F/M SBK C:F/F:C
M:F:V/M:F:T/  
C:M:V/C:M:T
- -
4 - B w - 42 C/S 12% GR silt loam 14 10YR 4 6 2 F/M SBK F:F/F:M/F:C C:F:T/F:F:V - -
5 - B t 1 63 C/S 15% GR silt loam 17 7.5YR 4 6 3 F/M SBK F:F/F:M F:F:T - -
6 - B t 2 90+ - 25% GR silt loam 20 7.5YR 5 4 2 F/M SBK F:F F:F:T/F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
3
8
 
 
Soil pit ID = 3M Slope = 28%
MOFEP soil mapping unit = 82F 82°E Latitude Longitude
Soil nutrient status grouping= medium N 37.13605° W -91.09101°
Designated MOFEP harvest treatment = EAM
Harvest date for 2011 re-entry period = 9/29/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - A - - 6 C/S 15 % GR silt loam 11 10YR 4 3 2 VF/F Gr M:F/M:M/F:C M:F:T/M:F:V/C:M:V - -
3 - E - - 23 C/S 10% GR silt loam 13 10YR 5 2 1 F SBK C:VC/M:F/C:M C:M:T/C:F:V/C:F:T - -
4 - EB - - 38 C/S 15% GR silt loam 15 10YR 5 4 1 F SBK F:F/F:VC/F:M F:M:T/F:M:V/F:F:T - -
5 - B t 1 66 C/S 25% GR silt loam 20 7.5YR 5 5 2 F/M SBK F:F/F:VC/F:M F:F:T/F:F:V - -
6 2 B t 2 90+ - 30% GR
silty clay 
loam
28 7.5YR 4 6 2 F/M SBK F:M/F:F F:F:T/F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
3
9
 
 
Soil pit ID = 4L Slope = 18%
MOFEP soil mapping unit = 80F 223°SW Latitude Longitude
Soil nutrient status grouping= low N 37.15133° W -91.08411°
Designated MOFEP harvest treatment = UAM
Harvest date for 2011 re-entry period = 3/31/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - A - - 9 C/S 20% GR silt loam 12 10YR 3 2 2 VF/F Gr M:F/M:M M:F:T/M:M:V - -
3 - E - - 28 C/S 5% GR silt loam 13 10YR 6 4 1 F SBK C:F/F:C M:F:T/C:F:V - -
4 - EB - - 48 C/S 25% GR silt loam 14 10YR 6 4 1 F SBK F:F/F:M C:F:T - -
5 - B t - 74 C/S 22% GR silt loam 21 10YR 5 6 2 F/M SBK F:VF F:F:V - -
6 2 B t - 100+ - 30% CB
silty clay 
loam
28 7.5YR 4 4 2 F/M ABK F:F F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
0
 
 
Soil pit ID = 4M Slope = 21%
MOFEP soil mapping unit = 82F 284°W Latitude Longitude
Soil nutrient status grouping= medium N 37.14093° W -91.07268°
Designated MOFEP harvest treatment = UAM
Harvest date for 2011 re-entry period = 6/17/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - A - - 6 C/S 25% GR silt loam 12 10YR 4 3 2 VF/F Gr M:F/M:C
M:F:V/M:F:T/ 
C:C:V/C:C:T
- -
3 - E - - 13 C/S 10% GR silt loam 14 10YR 5 3 2 F/M SBK C:C/M:F C:C:V/M:F:T - -
4 - BE - - 23 C/S 12% GR silty clay 40 7.5YR 5 6 2 F/M SBK C:F/F:C C:F:V/F:C:T - -
5 2 B tss 1 43 G/S 5% GR clay 48 2.5YR 4 6 2 F/M ABK F:C/C:F F:F:T/F:F:V - -
6 2 B tss 2 60 C/W 10% GR clay 50 2.5YR 4 6 3 M ABK F:F/F:C F:F:T/F:F:V - -
7 2 B t - 90+ - 15% GR clay 55 2.5YR 3 6 3 M ABK F:F/F:C F:F:T/F:F:V - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
1
 
 
Soil pit ID = 5L Slope = 29%
MOFEP soil mapping unit = 80F 312°NW Latitude Longitude
Soil nutrient status grouping= low N 37.16605° W -91.04582°
Designated MOFEP harvest treatment = EAM
Harvest date for 2011 re-entry period = 6/16/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - A - - 9 C/S 1% GR silt loam 17 10YR 3 2 2 VF/F Gr M:F/F:C M:F:V/C:F:T - -
3 - E - - 20 C/S 1% GR silt loam 18 10YR 5 3 1 F/M SBK C:F/F:C M:F:V/C:F:T - -
4 - B w - 35 C/S 2% GR silt loam 20 10YR 5 3 1 F/M SBK M:F/F:VC M:F:V/F:F:T - -
5 - B t 1 54 C/S 3% GR silt loam 23 10YR 6 4 2 F SBK F:F/F:C C:F:V/C:F:T - -
6 - B t 2 100+ - 4% GR silt loam 26 10YR 5 6 2 F/M SBK F:F/F:C F:F:T/F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
2
 
 
Soil pit ID = 5M Slope = 25%
MOFEP soil mapping unit = 82F 123°E Latitude Longitude
Soil nutrient status grouping= medium N 37.15424° W -91.04607°
Designated MOFEP harvest treatment = EAM
Harvest date for 2011 re-entry period = 10/7/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.4-0 C/S - - - - - - - - - - - - -
2 - E - - 18 C/S 15% GR silt loam 11 10YR 5 3 2 F/M SBK C:M/C:C C:F:T - -
3 - EB - - 38 C/S 23% GR silt loam 13 10YR 5 4 2 F SBK C:F/F:C F:M:V/C:F:T - -
4 - B t - 55 C/S 25% GR
silty clay 
loam
30 7.5YR 5 4 1 F/M SBK F:F/F:C C:M:V/F:F:T - -
5 2 B t - 75+ - 9% GR clay 55 7.5YR 4 6 2 M ABK F:C F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
3
 
 
Soil pit ID = 6L Slope = 21%
MOFEP soil mapping unit = 80F 189°S Latitude Longitude
Soil nutrient status grouping= low N 37.18724° W -91.03357°
Designated MOFEP harvest treatment = NHM
Harvest date for 2011 re-entry period = n.a.
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.3-0 C/S 12% GR - - - - - - - - - - - -
2 - A - - 7 C/S 5% GR silt loam 12 10YR 3 2 1 VF/F Gr M:F/C:C M:F:V/M:F:T - -
3 - E - - 25 C/S 25% GR silt loam 13 10YR 5 3 2 F SBK M:F/F:C M:F:V/C:F:T - -
4 - B w 1 44 C/S 25% GR silt loam 15 10YR 5 4 2 F/M SBK F:F/F:C C:F:V/C:F:T - -
5 - B w 2 80+ - 20% GR silt loam 17 10YR 5 6 2 F/M SBK F:F/F:C F:F:T/F:F:V - -
- - - - - - - - - - - - - - - -  - - - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
4
 
 
Soil pit ID = 6M Slope = 20%
MOFEP soil mapping unit = 82 270°W Latitude Longitude
Soil nutrient status grouping= medium N 37.16833° W -91.05095°
Designated MOFEP harvest treatment = NHM
Harvest date for 2011 re-entry period = n.a.
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.3-0 C/S - - - - - - - - - - - - -
2 - E - - 10 C/S 35% GR silt loam 12 10YR 5 3 2 VF/F SBK M:F/C:C C:F:V/M:F:T - -
3 - B t 1 18 A/S 10% GR
silty clay 
loam
30 7.5YR 5 6 3 F/M SBK F:F/F:C C:F:V/F:F:T - -
4 - B t 2 39 C/S 6% GR silty clay 50 2.5YR 4 6 3 M ABK F:F/F:M F:F:T/F:M:T - -
5 - B t 3 65 G/S 5% GR clay 55 2.5YR 4 6 2 M/C PR F:F/F:C F:F:T - -
6 2 BC - - 75+ C/S 4% GR clay 29 5YR 5 8 3 C ABK F:F F:F:T - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
5
 
 
Soil pit ID = 7L Slope = 28%
MOFEP soil mapping unit = 63F 192°S Latitude Longitude
Soil nutrient status grouping= low N 37.01589° W -91.20332°
Designated MOFEP harvest treatment = UAM
Harvest date for 2011 re-entry period = 12/26/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - A - - 18 A/S 45% GR silt loam 5 10YR 4 4 2 F Gr M:F/F:C M:F:V/C:F:T - -
3 - E - - 25 C/W 24% GR silt loam 9 10YR 4 6 2 F SBK C:F/F:C M:F:V/C:F:T - -
4 2 B t 1 30 C/S 10% GR
silty clay 
loam
30 5YR 5 8 2 F SBK F:VF/F:F C:F:T/F:F:V - -
5 2 B t 2 50 G/S 1% GR
silty clay 
loam
40 2.5YR 4 6 2 F SBK
C:VF/C:F/ 
F:M
C:F:T/F:F:V - -
6 2 B w 1 83 G/S 1% GR
silty clay 
loam
40 2.5YR 4 8 3 F SBK C:F/F:M
C:F:T/F:VF:T/  
F:VF:V
- -
7 2 B w 2 90+ - 1% GR
silty clay 
loam
40 2.5YR 4 6 3 F SBK C:F/C:C F:VF:T/F:VF:V - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
6
 
 
Soil pit ID = 7M Slope = 27%
MOFEP soil mapping unit = 82F 292°W Latitude Longitude
Soil nutrient status grouping= medium N 37.01214° W -91.20792°
Designated MOFEP harvest treatment = UAM
Harvest date for 2011 re-entry period = 9/28/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 5-0 C/S - - - - - - - - - - - - -
2 - A - - 10 A/S 40% GR silt loam 5 10YR 4 4 2 F Gr
M:VF/M:F/C:
M/F:C
C:F:T/V:F:V - -
3 - B t 1 21 C/W 22% GR silt loam 10 10YR 4 6 2 F SBK F:C/F:M/F:VF F:F:T/C:VF:T/F:F:V - -
4 - B t 2 29 C/S 10% GR
silty clay 
loam
30 5YR 5 8 2 F SBK F:VF/F:F C:F:T/F:F:V - -
5 2 B t 1 47 G/S 1% GR
silty clay 
loam
40 2.5YR 4 6 2 F ABK
C:VF/C:F/ 
F:M
C:F:T/F:F:V - -
6 2 B w 1 59 G/S 1% GR
silty clay 
loam
40 2.5YR 4 8 3 F ABK C:F/F:M
C:F:T/F:VF:T/F:V
F:V
- -
7 2 B w 2 90+ - 1% GR
silty clay 
loam
40 2.5YR 4 6 3 F/M ABK C:F/C:C F:VF:T/F:VF:V - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
7
 
 
Soil pit ID = 8L Slope = 18%
MOFEP soil mapping unit = 63F 193°SW Latitude Longitude
Soil nutrient status grouping= low N 37.00584° W -91.16858°
Designated MOFEP harvest treatment = NHM
Harvest date for 2011 re-entry period = n.a.
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.5-0 C/S - - - - - - - - - - - - -
2 - E - - 12.5 C/S 23% GR silt loam 15 10YR 4 2 1 VF SBK M:F/C:C M:F:T/M:F:V - -
3 - EB - - 26.5 C/S 10% GR silt loam 15 10YR 5 3 2 VF/F SBK C:F/F:C C:F:T/C:F:V - -
4 - B w 1 39 G/S 30% GR silt loam 16 10YR 6 4 2 VF/F SBK F:F/F:C C:F:T/F:F:V - -
5 - B w 2 54 C/S 18% GR silt loam 16 10YR 6 4 2 F/M SBK F:F/F:M F:F:T/F:F:V - -
6 2 BC - - 75+ - 10% GR silt loam 16 7.5YR 5 6 2 F/M SBK F:F F:F:T - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
8
 
 
Soil pit ID = 8M Slope = 25%
MOFEP soil mapping unit = 82F 190°SW Latitude Longitude
Soil nutrient status grouping= medium N 37.00556° W -91.16897°
Designated MOFEP harvest treatment = NHM
Harvest date for 2011 re-entry period = n.a.
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.3-0 C/S - - - - - - - - - - - - -
2 - A - - 5 C/S 25% GR silt loam 12 10YR 3 2 2 F Gr M:F/C:M M:F:T/M:F:V - -
3 - E - - 22 C/S 9% GR silt loam 15 10YR 4 2 2 VF/F SBK F:F/F:C C:F:V/M:F:T - -
4 - B t 1 42 C/S 12% GR
silty clay 
loam
35 7.5YR 5 6 2 F/M SBK F:F/F:M F:F:V/F:M:T - -
5 - B t 2 64 C/S 5% GR
silty clay 
loam
38 5YR 5 6 2 M ABK F:C/F:M F:F:V/F:F:T - -
6 2 B t 3 80+ - 25% CB silty clay 42 5YR 5 8 3 M/C ABK F:F F:F:V/F:F:T - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
4
9
 
 
Soil pit ID = 9L Slope = 28%
MOFEP soil mapping unit = 63F 145°SE Latitude Longitude
Soil nutrient status grouping= low N 37.07177° W -91.12449°
Designated MOFEP harvest treatment = EAM
Harvest date for 2011 re-entry period = 8/15/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag %
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.4-0 C/S - - - - - - - - - - - - -
2 - A - - 9 C/S 35% GR silt loam 11 10YR 3 2 2 F GR M:F/F:M M:F:V/M:F:T - -
3 - E - - 22 C/S 15% GR silt loam 12 10YR 5 3 1 F/M SBK M:F/F:C C:F:T/F:VF:V - -
4 - B w 1 34 C/S 20% GR silt loam 13 10YR 5 4 2 F/M SBK F:C/F:F F:F:T/F:F:V - -
5 - B w 2 50 C/S 40% GR silt loam 15 10YR 5 4 2 M SBK F:F F:F:T - -
6 - B x - 75+ - 50% GR silt loam 16 10YR 6 4 3 C PR none F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
  
 
1
5
0
 
 
 
Soil pit ID = 9M Slope = 25%
MOFEP soil mapping unit = 82F 108°E Latitude Longitude
Soil nutrient status grouping= medium N 37.07026° W -91.12410°
Designated MOFEP harvest treatment = EAM
Harvest date for 2011 re-entry period = 8/15/2011
# Prefix Master Sub No
Depth 
(cm)
Dist
Coarse 
Frag % 
Class
% 
clay
Hue Value Chroma Grade Size Shape
Roots 
(amount:size)
Pores     
(amount:size:shape)
RMF - 
Depletions
RMF - 
Concent.
1 - O i - 0.4-0 C/S - - - - - - - - - - - - -
2 - A - - 14 C/S 18% GR silt loam 11 10YR 3 2 2 VF/F Gr M:C & M:F M:F:V/M:M:T - -
3 - E - - 26 C/S 13% GR silt loam 13 10YR 5 3 1 VF/F SBK C:C/C:F F:C:T/C:F:V - -
4 - B w - 41 C/S 32% GR silt loam 13 10YR 5 4 2 F SBK F:C M:F:V/M:M:T - -
5 - B t 1 63 C/S 20% GR silt loam 21 10YR 5 6 2 F/M SBK F:C/F:F F:F:T - -
6 2 B t 2 75+ - 6% GR
silty clay 
loam
32 7.5YR 5 6 2 M ABK F:VC/F:F F:F:T/F:F:V - -
- - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - -
Abbreviation Code: Amount: Size: Shape:
A=abrupt GR= gravelly Gr=granular VF=very few VF=very fine T=tubular
C=clear VGR=very gravelly SBK=subangular blocky F=few F=fine V=vesicular
G=gradual CB=cobbly ABK=angular blocky C=common M=medium
S=smooth PR=prismatic M=many C=coarse
W=wavy VM=very many VC=very coarse
RMF = 
redoximorphic 
features
World Geodetic System (WGS 84) 
coordinates (decimal degrees)
Structure Soil FeaturesHorizonation Boundary Texture Color
Aspect =
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C. SAS statistical models 
C.1. Code for repeated measures randomized complete block generalized linear mixed 
model in SAS software for analysis of repeated measures of column leachates; each block 
split by soil nutrient status (sns) and incubation temperature (temp) by repeated measures 
(leach). 
 
ProcGLIMMIXdata=DATASETmaxopt=2000pconv=1e-4plots=studentpanel; 
Classsns temp rep leach;  
ModelDEPENDENT VARIABLE = sns|temp|leach @2/ ddfm=krdist=gamma 
link=log; 
Randomint /subject=rep; 
random  leach/ subject = sns*temp(rep)type=arh(1) residual; 
lsmeanssns temp leach sns*leach temp*leach / pdiffadjust=tukeyilink cl 
lines; 
Run; 
 
C.2.Code for spatially-repeated split-plot generalized linear mixed model in SAS 
software for analysis of soil characterization data collected from sampling sites; each 
block split by soil nutrient status (sns) and depth. 
 
ProcGLIMMIXdata=DATASETmaxopt=2000pconv=1e-4plots=studentpanel; 
class depth trt SNS block depth1; 
modelDEPENDENT VARIABLE = SNS|depth @2/ dist=lognormal link=identity; 
*distribution codes must be changed in above statement for each 
dependent variable* 
randomintsns /subject = block; 
random depth/ type=sp(pow)(depth1) subject=trt*SNS(block) residual; 
lsmeanssns depth depth*sns   /pdiffadjust=tukeylinesilink cl; 
Run; 
C.3.Code for spatially-repeated split-plot generalized linear mixed model in SAS 
software for analysis of ion exchange resin data; each block split by soil nutrient status 
(sns) and depth and repeated by collection event. 
 
ProcGLIMMIXdata=DATASETmaxopt=2000pconv=1e-4plots=studentpanel; 
where collection = 1;  
class depth trt SNS block depth1; 
modelDEPENDENT VARIABLE = trt|SNS|depth @2/ dist=gamma link=log; 
*distribution codes must be changed in above statement for each 
dependent variable* 
randomintsns/subject = block; 
random depth/ type=sp(pow)(depth1) subject=trt*SNS*collection(block) 
residual; 
lsmeanstrtsnstrt*sns depth depth*sns depth*trt /pdiffadjust=tukeylines 
cl ilink; 
run;
  
 
1
5
2
 
D. Pearson linear correlation coefficients for column leachate analytes. 
Coefficients for pH, hydrogen ion activity (H
+
), electrical conductivity (EC), fluoride (F
-
), chloride (Cl
-
), nitrite (NO2
-
), bromide (Br
-
), 
nitrate (NO3
-
), phosphate (PO4
3-
), sulfate (SO4
2-
), calcium (Ca
2+
), magnesium (Mg
2+
), sodium (Na
+
), potassium (K
+
), total aluminum 
(AlT), ammonium (NH4
+
), non-purgeable organic carbon (NPOC), and total nitrogen (TN) with p-values stated in parentheses 
(N=432). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(H
+
) EC F
-
Cl
-
NO2
- Br
-
NO3
-
PO4
3-
SO4
2- Ca
2+
Mg
2+
Na
+
K
+
AlT NH4
+ NPOC TN
(µS) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
)
ph -0.74 0.44 -0.04 0.07 0.05 -0.05 0.04 -0.06 0.04 0.43 0.35 -0.03 -0.04 -0.48 0.41 -0.05 0.37
(<.0001) (<.0001) (0.3967) (0.1389) (0.3404) (0.2972) (0.4389) (0.2349) (0.4145) (<.0001) (<.0001) (0.6023) (0.4103) (<.0001) (<.0001) (0.2701) (<.0001)
(H
+
) -0.21 0.07 -0.02 -0.08 0.19 -0.09 0.07 -0.13 -0.23 -0.18 0.05 0.03 0.37 -0.15 0.10 -0.19
(<.0001) (0.1347) (0.731) (0.101) (<.0001) (0.0748) (0.1621) (0.0058) (<.0001) (0.0002) (0.3291) (0.5325) (<.0001) (0.0016) (0.0329) (<.0001)
EC 0.03 0.14 0.00 0.37 0.01 0.36 -0.04 0.83 0.82 -0.01 0.12 -0.11 0.89 0.58 0.79
(µS) (0.4967) (0.0026) (0.9824) (<.0001) (0.8041) (<.0001) (0.4626) (<.0001) (<.0001) (0.9092) (0.0102) (0.0246) (<.0001) (<.0001) (<.0001)
F
-
-0.02 -0.02 0.10 -0.07 -0.08 0.12 -0.01 0.05 0.02 0.07 0.20 0.02 0.08 -0.02
(µmol L
-1
) (0.615) (0.6567) (0.0385) (0.1214) (0.0975) (0.0132) (0.8711) (0.3328) (0.7099) (0.1312) (<.0001) (0.6801) (0.0881) (0.6699)
Cl
-
-0.03 0.06 0.01 0.01 0.07 0.18 0.13 -0.01 0.36 0.01 0.14 0.09 0.10
(µmol L
-1
) (0.5457) (0.2378) (0.8886) (0.8635) (0.1357) (0.0002) (0.005) (0.822) (<.0001) (0.8391) (0.0045) (0.067) (0.031)
NO2
-
-0.02 0.67 -0.09 0.00 0.02 0.05 0.00 -0.02 -0.10 -0.10 -0.14 0.32
(µmol L
-1
) (0.7168) (<.0001) (0.0575) (0.9789) (0.6623) (0.3265) (0.9847) (0.6142) (0.0358) (0.0402) (0.0025) (<.0001)
Br
-
-0.02 0.14 -0.10 0.29 0.30 0.02 0.44 0.17 0.37 0.25 0.32
(µmol L
-1
) (0.6677) (0.0049) (0.0457) (<.0001) (<.0001) (0.6226) (<.0001) (0.0004) (<.0001) (<.0001) (<.0001)
NO3
-
-0.10 0.02 0.07 0.08 -0.01 -0.02 -0.12 -0.16 -0.18 0.47
(µmol L
-1
) (0.0465) (0.6629) (0.1598) (0.0784) (0.8746) (0.7075) (0.0139) (0.0007) (0.0001) (<.0001)
PO4
3-
0.02 0.36 0.42 0.02 0.09 0.09 0.33 0.46 0.28
(µmol L
-1
) (0.7524) (<.0001) (<.0001) (0.7007) (0.0667) (0.0737) (<.0001) (<.0001) (<.0001)
SO4
2-
0.14 0.14 0.06 0.10 0.17 -0.18 0.12 -0.07
(µmol L
-1
) (0.0035) (0.0039) (0.197) (0.0423) (0.0005) (0.0001) (0.0164) (0.1422)
Ca
2+
0.87 0.03 0.15 -0.03 0.74 0.48 0.69
(µmol L
-1
) (<.0001) (0.5273) (0.0014) (0.5945) (<.0001) (<.0001) (<.0001)
Mg
2+
0.02 0.18 0.01 0.67 0.59 0.66
(µmol L
-1
) (0.6831) (0.0002) (0.9024) (<.0001) (<.0001) (<.0001)
Na
+
-0.01 0.00 -0.01 0.01 0.01
(µmol L
-1
) (0.9108) (0.9365) (0.8977) (0.8278) (0.8774)
K
+
0.06 0.12 0.16 0.09
(µmol L
-1
) (0.1947) (0.01) (0.0011) (0.0509)
AlT -0.12 0.29 -0.14
(µmol L
-1
) (0.0146) (<.0001) (0.0036)
NH4
+
0.50 0.74
(µmol L
-1
) (<.0001) (<.0001)
NPOC 0.34
(µmol L
-1
) (<.0001)
Leachate Property
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E. Column leachate mean analyte concentrations for bromide, fluoride, and 
chloride plotted by soil nutrient status and leaching event. 
Mean analyte concentrations for (a) bromide (Br
-
), (b) fluoride (F
-
), and (c) chloride (Cl
-
). 
Each leaching event signifies the passage of one week of incubation time. Leaching 
samples are displayed by soil series; Clarksville, Alred, and Arkana. Error bars indicate 
the 95% confidence interval. 
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F. Pearson linear correlation coefficients for soil solution analytes. 
Coefficients for pH, hydrogen ion activity (H
+
), electrical conductivity (EC), fluoride (F
-
), chloride (Cl
-
), nitrite (NO2
-
), bromide (Br
-
), nitrate (NO3
-
), phosphate (PO4
3-
), sulfate 
(SO4
2-
), total aluminum (AlT), calcium (Ca
2+
), potassium (K
+
), magnesium (Mg
2+
), 
sodium (Na
+
), ammonium (NH4
+
), non-purgeable organic carbon (NPOC), and total 
nitrogen (TN) with p-values stated in parentheses from (a) the 15 cm zero tension 
sampler (N=228) and (b) the 40 cm zero tension sampler (N=160) depths. 
(a) 15 cm ZTS depth 
 
 
 
  
(H
+
) EC F
-
Cl
-
NO2
- Br
-
NO3
-
PO4
-3
SO4
-2
AlT Ca
2+
K
+
Mg
2+
Na
+
NH4
+ NPOC TN
(µS) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
)
ph -0.75 0.43 -0.05 0.06 0.02 0.05 -0.09 -0.09 0.19 -0.16 0.50 0.42 0.51 0.13 -0.14 -0.16 -0.11
(<.0001) (<.0001) (0.457) (0.3967) (0.7296) (0.4251) (0.1612) (0.1986) (0.0048) (0.0184) (<.0001) (<.0001) (<.0001) (0.0454) (0.0402) (0.0134) (0.1121)
(H
+
) -0.19 0.04 -0.04 0.00 -0.04 0.18 0.20 -0.05 0.08 -0.28 -0.20 -0.28 -0.07 0.09 0.15 0.14
(0.0049) (0.5556) (0.5561) (0.9482) (0.5917) (0.0061) (0.0027) (0.4604) (0.239) (<.0001) (0.0029) (<.0001) (0.3273) (0.16) (0.0212) (0.0379)
EC 0.16 0.14 0.06 -0.07 0.25 0.11 0.29 0.00 0.65 0.63 0.63 0.45 0.13 0.21 0.35
(µS) (0.0135) (0.0336) (0.3378) (0.3108) (0.0001) (0.1073) (<.0001) (0.9768) (<.0001) (<.0001) (<.0001) (<.0001) (0.0543) (0.0015) (<.0001)
F
-
0.00 0.13 -0.02 0.06 0.06 -0.08 0.23 0.00 -0.01 0.03 0.23 -0.04 0.07 -0.03
(µmol L
-1
) (0.953) (0.0438) (0.7582) (0.3355) (0.373) (0.2537) (0.0006) (0.9502) (0.8267) (0.6101) (0.0005) (0.5813) (0.2711) (0.6267)
Cl
-
-0.02 -0.02 0.04 0.01 0.14 -0.02 0.04 0.04 0.05 0.18 0.03 -0.02 0.08
(µmol L
-1
) (0.7395) (0.7377) (0.5915) (0.8636) (0.0304) (0.7426) (0.586) (0.5903) (0.4216) (0.008) (0.6744) (0.744) (0.2108)
NO2
-
-0.05 0.15 0.27 0.07 0.25 -0.03 -0.04 -0.04 -0.03 0.52 0.02 0.18
(µmol L
-1
) (0.448) (0.0215) (<.0001) (0.315) (0.0001) (0.6125) (0.5102) (0.5642) (0.6961) (<.0001) (0.7912) (0.0057)
Br
-
-0.03 -0.05 0.00 -0.04 0.02 0.02 0.05 -0.06 -0.06 0.03 -0.04
(µmol L
-1
) (0.7078) (0.4612) (0.9746) (0.5469) (0.7781) (0.7467) (0.4658) (0.397) (0.3305) (0.6678) (0.5622)
NO3
-
0.14 -0.10 0.08 0.02 0.04 -0.01 0.09 0.34 0.24 0.54
(µmol L
-1
) (0.0408) (0.1455) (0.2168) (0.7136) (0.5928) (0.855) (0.1758) (<.0001) (0.0003) (<.0001)
PO4
-3
0.18 -0.02 -0.09 0.00 -0.07 -0.01 0.25 -0.08 0.13
(µmol L
-1
) (0.0062) (0.7765) (0.1745) (0.9878) (0.3293) (0.8983) (0.0001) (0.2378) (0.0423)
SO4
-2
0.02 0.24 0.17 0.33 0.32 0.09 0.02 0.15
(µmol L
-1
) (0.7833) (0.0003) (0.0115) (<.0001) (<.0001) (0.1684) (0.7947) (0.0256)
AlT -0.11 0.06 0.00 0.17 0.06 0.28 0.22
(µmol L
-1
) (0.0921) (0.3487) (0.9449) (0.0115) (0.3402) (<.0001) (0.001)
Ca
2+
0.49 0.90 0.16 -0.05 0.19 0.16
(µmol L
-1
) (<.0001) (<.0001) (0.0142) (0.4578) (0.0049) (0.0179)
K
+
0.54 0.16 -0.05 0.02 0.08
(µmol L
-1
) (<.0001) (0.0147) (0.4698) (0.7432) (0.2532)
Mg
2+
0.18 0.01 0.12 0.15
(µmol L
-1
) (0.0061) (0.9368) (0.0617) (0.0195)
Na
+
0.06 0.24 0.26
(µmol L
-1
) (0.3836) (0.0003) (<.0001)
NH4
+
-0.01 0.45
(µmol L
-1
) (0.867) (<.0001)
NPOC 0.62
(µmol L
-1
) (<.0001)
Sample 
Property
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(b) 40 cm ZTS depth 
 
 
(H
+
) EC F
-
Cl
-
NO2
- Br
-
NO3
-
PO4
-3
SO4
-2
AlT Ca
2+
K
+
Mg
2+
Na
+
NH4
+ NPOC TN
(µS) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
) (µmol L
-1
)
ph -8.29E-01 0.3 -0.24029 -0.02026 -0.19924 -0.0416 -0.0507 -0.06819 -0.14601 -0.22287 0.45992 0.48147 0.50799 0.01049 -0.32212 0.14558 -0.04741
(<.0001) (0.0005) (0.0022) (0.7993) (0.0115) (0.6015) (0.5243) (0.3916) (0.0654) (0.0046) (<.0001) (<.0001) (<.0001) (0.8953) (<.0001) (0.0662) (0.5517)
(H
+
) -0.14 0.24 0.01 0.21 -0.02 0.16 0.04 0.21 0.22 -0.26 -0.32 -0.32 0.06 0.36 -0.02 0.15
(0.0683) (0.0022) (0.9062) (0.0093) (0.7598) (0.045) (0.616) (0.0065) (0.0046) (0.0009) (<.0001) (<.0001) (0.4688) (<.0001) (0.8315) (0.0666)
EC 0.07 0.16 0.06 -0.07 0.34 -0.01 0.30 0.07 0.76 0.73 0.81 0.42 0.16 0.20 0.38
(µS) (0.3524) (0.0457) (0.4677) (0.3687) (<.0001) (0.8764) (0.0001) (0.4074) (<.0001) (<.0001) (<.0001) (<.0001) (0.0394) (0.0113) (<.0001)
F
-
-0.02 0.48 -0.11 0.17 -0.01 0.17 0.38 -0.07 -0.06 -0.08 0.02 0.03 0.05 0.13
(µmol L
-1
) (0.8402) (<.0001) (0.1761) (0.0303) (0.8617) (0.0299) (<.0001) (0.4019) (0.42) (0.3338) (0.795) (0.7149) (0.5084) (0.112)
Cl
-
-0.02 -0.02 0.02 0.02 0.11 -0.01 0.10 0.11 0.14 0.13 0.14 -0.02 0.05
(µmol L
-1
) (0.805) (0.8037) (0.8421) (0.7979) (0.1522) (0.8628) (0.2217) (0.1503) (0.0807) (0.0938) (0.0805) (0.794) (0.5541)
NO2
-
-0.08 0.22 0.04 0.19 0.32 -0.02 0.01 -0.06 0.03 0.00 0.06 0.14
(µmol L
-1
) (0.3389) (0.0046) (0.587) (0.0137) (<.0001) (0.7857) (0.8886) (0.4627) (0.6738) (0.9896) (0.45) (0.0823)
Br
-
-0.04 -0.09 -0.01 -0.03 -0.07 -0.03 -0.02 -0.07 0.05 0.01 0.09
(µmol L
-1
) (0.6445) (0.2361) (0.8579) (0.6616) (0.3994) (0.7451) (0.7605) (0.3578) (0.5602) (0.8555) (0.2847)
NO3
-
-0.06 0.09 0.34 0.39 0.26 0.26 0.16 0.26 0.14 0.83
(µmol L
-1
) (0.4813) (0.2618) (<.0001) (<.0001) (0.0008) (0.0009) (0.0399) (0.001) (0.0774) (<.0001)
PO4
-3
0.02 -0.11 -0.08 0.02 -0.05 0.03 0.09 -0.03 0.00
(µmol L
-1
) (0.7915) (0.1737) (0.3118) (0.8457) (0.5039) (0.7523) (0.2394) (0.7087) (0.9578)
SO4
-2
0.00 0.17 0.05 0.10 0.31 0.17 -0.09 0.12
(µmol L
-1
) (0.9931) (0.0304) (0.5389) (0.2256) (<.0001) (0.0322) (0.2641) (0.1313)
AlT -0.02 0.08 0.06 0.14 0.17 0.24 0.32
(µmol L
-1
) (0.8002) (0.3226) (0.4598) (0.0686) (0.0309) (0.0025) (<.0001)
Ca
2+
0.80 0.91 0.19 -0.02 0.38 0.35
(µmol L
-1
) (<.0001) (<.0001) (0.0153) (0.7986) (<.0001) (<.0001)
K
+
0.88 0.20 0.06 0.37 0.30
(µmol L
-1
) (<.0001) (0.0119) (0.4281) (<.0001) (0.0002)
Mg
2+
0.24 0.00 0.37 0.27
(µmol L
-1
) (0.0022) (0.951) (<.0001) (0.0005)
Na
+
0.27 0.14 0.24
(µmol L
-1
) (0.0004) (0.0849) (0.0026)
NH4
+
0.11 0.51
(µmol L
-1
) (0.1484) (<.0001)
NPOC 0.31
(µmol L
-1
) (<.0001)
Sample 
Property
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G. Plots of soil solution bromide, fluoride, and chloride data over sampling period by sampler depth and soil 
nutrient status. 
Mean soil solution concentrations include (a) bromide (Br
-
), (b) fluoride (F
-
), and (c) chloride (Cl
-
).Samplers are identified by soil 
nutrient status: Low or Medium ; TF (throughfall solution), 15 cm and 40 cm (solution captured by zero tension samplers at 15 cm and 
40 cm depths, respectively). Error bars indicate the 95% confidence interval. 
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H. Boxplot comparisons of volume weighted mean analyte concentrations for 
bromide, fluoride, and chloride by sampler depth and soil nutrient status. 
Comparisons for soil solution (a) bromide (Br
-
), (b) fluoride (F
-
), and (c) chloride (Cl
-
). N 
is the total number of samples collected. Samplers are identified by soil nutrient status: 
Low or Medium ; TF – throughfall sampler; ZTS15 – zero tension sampler at 15 cm 
depth; and ZTS40 – zero tension sampler at 40 cm depth.
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I. Ion exchange resin mean concentration data (µmol L-1) by soil nutrient 
status (SNS) and sample depth for (a)April to Oct 2010, (b)Oct to July 2011, 
and (c) cumulative pre-harvest collection period. 
Mean solution concentration data include total aluminum (AlT), calcium (Ca
2+
), 
magnesium (Mg
2+
), sodium (Na
+
), and nitrate (NO3
-
).Error values indicate the 95% 
confidence interval. 
 
 
(a) Mean concentration data from April to Oct 2010
AlT Ca
2+ 
Mg
2+ 
Na
+ 
NO3
- 
Low 15 11.8 ± 6.4 123 ± 29.8 123.6 ± 29.1 309.9 ± 77.5 32.4 ± 41.1
40 6.3 ± 3.9 81.9 ± 23.9 86.2 ± 27.6 202 ± 84 67.4 ± 66.5
Medium 15 10.3 ± 4.8 154.4 ± 63.5 178 ± 85.5 202 ± 28 27.6 ± 22.7
40 9.9 ± 7.4 295.7 ± 333.6 414 ± 527.4 250.5 ± 95.2 72.9 ± 86.8
(b) Mean concentration data from Oct to July 2011
Low 15 42.8 ± 41 178.2 ± 72.2 209.5 ± 83.2 573 ± 206.7 29.9 ± 18.2
40 39.4 ± 56 291.1 ± 301.6 384.5 ± 406.4 599.2 ± 390 87.4 ± 58.6
Medium 15 26.9 ± 25 234.2 ± 110 270.2 ± 126.8 382.5 ± 102.3 63.4 ± 30
40 9.6 ± 8.2 164.6 ± 84.3 236.8 ± 128.5 398.5 ± 234.1 116.3 ± 110.7
(c) Mean concentration data from entire pre-harvest collection period
Low 15 27.3 ± 23.5 150.6 ± 45.4 166.5 ± 49 441.5 ± 133.3 31.1 ± 28.5
40 22.8 ± 28.2 186.5 ± 146.9 235.3 ± 198 400.6 ± 182.2 77.4 ± 58.7
Medium 15 18.6 ± 14.2 194.3 ± 79.4 224.1 ± 104.8 292.2 ± 49.2 45.5 ± 25.9
40 11.3 ± 8 312.7 ± 331.2 454.4 ± 520.9 324.1 ± 142.3 93.8 ± 90.6
  ------------------------------- (µmol L
-1
)  -------------------------------
Depth 
(cm)
SNS
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J. Ion exchange resin nutrient loss data (µmol) by soil nutrient status (SNS) 
and sample depth for (a) April to Oct 2010, (b) Oct to July 2011, and (c) 
cumulative pre-harvest collection period. 
Total nutrient mass loss data include total aluminum (AlT), calcium (Ca
2+
), magnesium 
(Mg
2+
), sodium (Na
+
), and nitrate (NO3
-
).Error values indicate the 95% confidence 
interval. 
 
 
 
  
(a) Mean loss data from April to Oct 2010
AlT Ca
2+
Mg
2+
Na
+
NO3
-  
Low 15 4.8 ± 2.6 50.4 ± 12.2 50.7 ± 11.9 127.1 ± 31.8 13.3 ± 16.8
40 2.6 ± 1.6 33.6 ± 9.8 35.3 ± 11.3 82.8 ± 34.4 27.6 ± 27.3
Medium 15 4.2 ± 2 63.3 ± 26 73 ± 35.1 82.8 ± 11.5 11.3 ± 9.3
40 4.1 ± 3 121.2 ± 136.8 169.7 ± 216.2 102.7 ± 39 29.9 ± 35.6
(b) Mean loss data from Oct to July 2011
Low 15 17.5 ± 16.8 73.1 ± 29.6 85.9 ± 34.1 234.9 ± 84.8 12.2 ± 7.5
40 16.1 ± 23 119.4 ± 123.7 157.6 ± 166.6 245.7 ± 159.9 35.8 ± 24
Medium 15 11 ± 10.3 96 ± 45.1 110.8 ± 52 156.8 ± 41.9 26 ± 12.3
40 3.9 ± 3.3 67.5 ± 34.6 97.1 ± 52.7 163.4 ± 96 47.7 ± 45.4
(c) Cumulative loss data from entire pre-harvest collection period
Low 15 22.4 ± 19.3 123.5 ± 37.3 136.6 ± 40.2 362 ± 109.3 25.5 ± 23.3
40 18.7 ± 23.1 152.9 ± 120.4 193 ± 162.4 328.5 ± 149.4 63.5 ± 48.1
Medium 15 15.3 ± 11.6 159.3 ± 65.1 183.8 ± 86 239.6 ± 40.4 37.3 ± 21.2
40 7.6 ± 4.4 181.2 ± 127.6 256.1 ± 203.9 247.9 ± 117.9 72.3 ± 74.7
SNS
Depth   ------------------------------- (µmol)  -------------------------------
